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(57) ABSTRACT 

Provided are a System and method for Visually representing 
project metricS on 3-dimensional product models. The SyS 
tem comprises: a user interface unit for receiving an input of 
color information, including variations in the colors and 
color tones of objects to be visualized in response to the 
course of a project, and output conditions, including a time 
interval at which an output is required, from a user; a 
database unit for Storing the objects and temporal and/or 
Spatial relationships between the objects, and an image 
formation unit for determining colors and color tones of the 
objects according to the project course based on the output 
conditions input by the user, and forming and outputting 
3-dimensional images of the objects by the determined 
colors and color tones. 
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SYSTEMAND METHOD FOR VISUALLY 
REPRESENTING PROJECT METRICS ON 
3-DIMENSIONAL BUILDING MODELS 

RELATED APPLICATIONS 

0001. The present application claims priority of U.S. 
Provisional Application Ser. No. 60/603,534, filed Aug. 24, 
2004, entitled 3-Dimensional Model Based Project Manage 
ment And Control System And Method Of The Same, the 
disclosure of which is incorporated by reference herein in its 
entirety. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to a system and 
method for visually representing project metrics on 3-di 
mensional (3-D) product models, and more particularly, to a 
3D model-based Visual representation System and method 
utilizing the power of information technology. 
0004 2. Description of the Related Art 
0005 The construction industry requires effective control 
methods for numerous quantitative data relating to design, 
cost, Schedule, and performance information. The construc 
tion field is where design, budget, and Schedule goals are 
implemented, and thus is the major area where issueS of cost 
and Schedule control are determined. Exact definable tasks 
must be started, worked on, and completed within a definite 
time period by a specific resource. Project management is 
responsible for preparing the action plan and for establishing 
and maintaining the appropriate working relationships 
among members of the construction team. Actual conditions 
in the field environment often demand adjustments from 
time to time in either the Sequencing or the phasing of the 
work to be accomplished. 
0006 Because of the dynamic site conditions, informa 
tion is frequently out of date, incomplete, inaccurate, or 
unavailable when needed. To alleviate this inefficiency, 
various computer-based management Systems are used in 
construction projects. They have been adapted and opti 
mized quite effectively to meet the needs of their specific 
users throughout the life cycle of a project (Howard 1998). 
However, these tools do not use a common language to 
communicate among the project team members and require 
Special knowledge on the part of the user to interpret the 
data. Suhanic (2001) States that inadequate control of a 
project is derived from a lack of Systematic analysis of 
information gathered on a common base. Information is only 
valuable when raw data is organized into a meaningful form, 
presented them appropriately, and communicates in which it 
is produced (Shedroff 1999). Since all work environments 
and disciplines deal in one way or another with the products 
of construction, it is not unreasonable to expect Some 
commonality acroSS all work environments and disciplines 
that could be used as the primary vehicle for communication 
and integration. The discovery of this commonality is the 
principal challenge of this research. 
0007 Project managers are responsible for keeping over 
all track of project Status and keeping operations running 
Smoothly during construction. The project manager's most 
important responsibility, however, is to forecast the possible 
impact of problems on cost and Schedule, and to prevent cost 
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overrun or Schedule delayS. Project managers requires the 
most up-to-date design, Schedule, cost, and performance 
data delivered in a timely and comprehensible manner in 
order to obtain an accurate picture of the project at any given 
point in time and to implement efficient control. But data is 
only raw material and converting this material into useful 
information is a matter of judiciously filtering, organizing, 
recording, and presenting it. Each member of a project team 
produces data and none of them is independent. Therefore, 
Seamless integration of project data from the various disci 
plines is the foundation of efficient project control. 

0008 Project managers usually acquire these data in two 
different ways. One is through direct monitoring of the 
construction Site, and the other is through Summarized 
documents in various visual formats from those responsible 
for various aspects of a project. 

0009 Direct monitoring of the construction site gives to 
the project manager a more accurate picture than any Second 
hand data can. However, it is dependent on the current visual 
Status and doesn't reveal the impact of current circumstances 
on construction activity going forward. The ability to antici 
pate possible outcomes depends on the project manager's 
experience and Subjectivity. Thus, in addition to direct 
monitoring and control, a project manager requires data 
from a range of field perSonnel. 

0010. The field staff collects data from the construction 
Site, and these data are then organized, analyzed and deliv 
ered to the project manager in the data format particular to 
there area of expertise, be it drawings, spreadsheets, bar 
charts, or CPM. Nor do they capture the necessary interre 
lated information and their interdependencies in a legible 
manner for efficient project control. Such discrete and mas 
Sive reports are produced throughout the life of a project and 
do not explicitly convey level of performance, problems, 
their causes, or their impact associated with physical con 
Struction situation. Consequently, the project manager needs 
vast amounts of time and effort to Sort through, prioritize, 
and interpret these data. AS the conduit and facilitator for all 
facets of the project, the project manager must understand 
the data as a coherent picture every moment throughout the 
project lifecycle. 

0011 A. Management Process During Construction 

0012 Meredith and Mantel stated in their publication, 
Project Management: Managerial Approach (1995) that con 
Struction management has three reiterative and overlapping 
phases, planning-monitoring-control. Monitoring and con 
trol, in particular, enable management to assess the current 
Status of a project, predict project completion and take 
proper actions before Schedule and cost deviation of any 
kind occur. In other words, management must constantly 
evaluate progreSS, compare progreSS to the plan, and take 
corrective action if progreSS does not match the plan. 

0013 Pierce further divides this three-step control pro 
cess into the seven steps shown in FIG.1. Referring to FIG. 
1, StepS 1 and 2 are part of the planning Stage, which is 
defined by Meredith and Mantel. Actual control action starts 
at Step 3 (progress monitoring) and step 6 (corrective action) 
as a final Step. 
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0.014. The typical stages of project control are defined as 
follows: 

0015 Monitoring 
0016 Monitoring involves collecting, recording, and 
reporting information concerning all aspects of project per 
formance that the project manager or others in the organi 
zation wish to know (Meredith and Mantel 1995). Success 
ful monitoring depends on an assessment of accurate 
measurement of progreSS and timely updates of the Sched 
ule. 

Mar. 2, 2006 

0020 Process Information 
0021. A computer is usually used to manipulate data 
collected during the monitoring phase of a project. The data 
is set up So that it can be compared to original plans. This 
processed information enables the project manager to deter 
mine if the project is deviating from the planned Sequence or 
rate of progress, and whether that deviation is significant 
enough to warrant action in the control phase (Pierce 1998). 
0022 Control 
0023 Control is action taken to alter trends inferred from 
monitoring (Ninos and Wearne 1984). The final element in 

TABLE 1. 

Method Content Distinctiveness 

Weighted Spilt weighted cost into Set up one or two objective milestones 
Milestones milestones per month. Best suited to short-term 

works. Most preferred but difficult on 

Fixed Formula by 
Task 

Percent Complete 
Estimates 

Percent Complete 
& Milestone Gates 

Earned 
Standards 

Apportioned 
Relationships to 
Discrete Work 
Level of Effort 

Pro rata, i.e. spilt it into 0/100 
or 50/50 

Monthly actual progress is 
determined by evaluations of 
someone who take in charge 

Compare weighted milestones 
and subjective actual progress 

Set up standards based upon 
past actual results 

Evaluate the work with closely 
correlative works 

Evaluate progress by time 
rather than by work 
accomplished 

framing and managing. 
Widely used during early stage of 
CISCSC, but decreasing its usage 
recently. Easy to understand. Should 
be maintained under small 
management units in order to utilize it 
efficiently. 
Evaluated by subjective decisions. 
Utilized under managerial guides in 
order to elevate objectivity. Due to ease 
of managing, the use of the method is 
increasing. The functions of maximum 
ceiling amount and check & balance 
are required. 
Estimate subjective actual progress 
within the limits of major milestones. 
Excessive efforts of writing the 
standard progress can be alleviated 
when only weighted milestones 
methods are applied. 
Most sophisticated method. Systematic 
management is required. Used under 
certain restrictions on repetitive work or 
routine production work. 
Drive no big errors in regular 
differences but can drive big errors in 
cost differences. 
Evaluated by planned progress, not by 
physical progress. Not a recommended 
method 

0017 Progress Measurement 
0.018. This step is frequently called progress measure 
ment or updating the Schedule. It is primarily a process of 
collecting detailed data on the work, then processing it in a 
computer or manual System to arrive at an accurate repre 
sentation of the current job status (Pierce 1998). 
0.019 Among the many ways to measure progress, 
weighted milestone or fixed formula methods are simple and 
leSS prone, but measurement does not continuous Status of a 
project. Measuring progreSS by comparing remaining inven 
tory of material to the actual amount of material that has 
been used during construction can result in Serious error. 
Measuring progreSS in percentiles, which is used in most 
construction fields, heavily relies on the experience and 
knowledge of the project manager. Thus, the measurement 
lackS objectivity and is ineffective at presenting progreSS due 
to its abstract nature (See, Table 1). 

the construction management cycle is the authority to order 
changes. The project's Schedule, cost, and performance are 
compared with that of the plan. Action is taken if reality and 
the plan differ enough that the controller (manager) wishes 
to decrease the difference. In essence, control is the act of 
reducing the gap between plan and reality (Meredith and 
Mantel 1995). 
0024 Comparing Progress to Goals 

0025 The actual progress on the job is compared to the 
progreSS planned in the original plan. 

0026 Taking Corrective Action 
0027. The project manager corrects any deviations based 
on all of the available information. 

0028 Constant management activities, monitoring and 
control are distinctive but Sequential. In a very dynamic and 
unpredictable construction environment, field information, 
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collected from monitoring, should be appropriately Summa 
rized and instantly delivered to the perSon, who has the 
authority to control and take immediate action. 
0029 FIG. 2 shows the role of the typical members of a 
project management team according to the control proceSS 
during construction. 
0030) Raw data; concerning work progress, costs, 
resource inventory, etc., are collected by the field Specialists 
Such as field Scheduler, cost engineer, architect and Super 
intendent. The collected information is then organized in 
various discipline-Specific management Systems-Schedul 
ing, accounting, or CAD System-, and reported to the project 
managers. With Summarized reports in various and discrete 
formats from the Scheduler, cost engineer, or architect, 
Project manager must interpret them based on his experience 
and knowledge, often assisted by consultations and discus 
Sions with related Specialists or other perSonnel. For the last, 
collective action is implemented as result of the project 
manager's order. 
0031. In order to have effective management, various 
computer-aided applications are used in project control 
during construction. In the following Section, the definition 
and the current State of project control Systems will be 
explored. 

0032 B. Project Control System 
0033) Concept 

0034). According to Barrie and Paulson (1992), a control 
System quantitatively measures actual performance against 
the plan and acts as an early warning System to diagnose 
major problems while management action can Still be effec 
tive in achieving. On the other hand, Mantel (Mantel 2001) 
States that the purpose of a monitoring System is to increase 
the Speed and effectiveness of gathering, organizing and 
reporting data while the control System is to act on that data. 
Meredith and Mantel (Meredith and Mantel 1995) assert that 
schedule and cost information should be handled by the 
Scheduling System and accounting System respectively, and 
that monitoring and control Systems should also be treated in 
a separate manner. As for Suhanic (2001) and Mueller 
(1986), they considered the system for monitoring and 
control to be one, but they believe schedule and cost should 
each be handled by a different system. Through the devel 
opment of the Pollalis system, Pollalis described schedule 
and cost as one integrated System. FIG. 3 shows the concept 
of control System. 

0.035 However, for the purpose of this research, it is 
reasonable that the distinction between monitoring and 
control Systems be identified not by System functionality and 
capability but by actual user responsibility and authority. For 
example, most current Scheduling Systems, Such as Primav 
era P3 or Microsoft Project, which are called planning, 
monitoring, or control Systems because they can be used for 
different purpose at the different project phases, are only 
used by Scheduling professionals. Thus, they can not be 
considered as a control tools. Control tools must be directly 
accessible to the project controller who has the authority to 
make decisions on the project. Here are the objectives of the 
control system defined by Barrie and Paulson: 

0036) To provide an organized and efficient means of 
measuring, collecting, Verifying, and quantifying data 
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reflecting the progreSS and Status of operations on the 
project with respect to Schedule, cost, resources, pro 
curement, and quality. 

0037 To provide an organized, accurate, and efficient 
means of converting the data from the operations into 
information. The information system should be realistic 
and should recognize (a) the means of processing the 
information, (b) the skills available, and (c) the value of 
the information compared with the cost of obtaining it. 

0038. To identify and isolate the most important and 
critical information for a given situation, and to get it 
to the correct managers and Supervisors that is, those in 
a position to make best use of it. 

0039) To deliver the information to them in time for 
consideration and decision making So that, if necessary, 
corrective action may be taken on those operations that 
generated the data in the first place. 

0040. To report the correct and necessary information 
in a form which can best be interpreted by manage 
ment, and at a level of detail most appropriate for the 
individual managers or Supervisors who will be using 
it. 

0041 (Barrie and Paulson 1992, 184-185) 

0042. The Current Status 
0043. However, project management systems, which are 
frequently called control Systems, are very function-oriented 
and discipline-Specific. The functions and user interfaces of 
these Systems do not distinguish between planning and 
control or the needs and disciplines of the users. 

0044 As illustrated in FIG. 4, one system is used sched 
uling and another for cost from the planning Stage to the end 
of construction. Primavera, a project Scheduling System 
commonly called a project management System, offers a 
variety of Sophisticated functions needed for Scheduling, 
Such as Scheduling, cost & resource management, document 
management, and team collaboration. However, due to its 
complexity and function-oriented interface, in practice it is 
rarely used for anything other than Scheduling by profes 
Sional Schedulers. For instance, the actual data from the 
jobsite during construction is input and analyzed in the 
system by the field scheduler, but it is not delivered elec 
tronically to the Superintendent or project manager-the 
project controller-, who are the project controllers, but in 
the form of a Summarized hardcopy. 

004.5 FIG. 5 shows a visual interface according to the 
functions of Primavera, a system most widely used for 
construction project management. Although it offerS Sched 
uling, cost, resource, contingency management functions as 
well as reporting and communication functions, it is an 
aggregate of many different Systems into one package rather 
than one System having many functions, and thus may lack 
full integration among the multiple functions. The reason is 
Still the fact that Visual interfaces are distinctive due to each 
Separate individual function, and there is a constraint that 
only professionals with Specialized knowledge in each of the 
individual areas can handle the interfaces. 
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0046) C. Project Controller 
0047 Responsibility 
0.048 Depending upon the size and complexity of the 
project, team organization can be modified to most effec 
tively delegate responsibilities and duties. Many more par 
ties are usually involved in the construction Stage, Specially 
contractors, Subcontractors, material Suppliers and other 
public authorities. In this situation, according to Ceran and 
Dorman (1995), building quality is achieved not through the 
management of quality but by the quality of management. 
The quality of management as it relates to the project 
manager, who has ultimate control and decision-making 
authority for the project, is the Single most important factor 
in project Success. Ceran and Dorman Summarize the 
responsibilities of the project manager as follows: 

0049 Quality management 
0050 Project acquisition 
0051) Project work plan 
0.052 Project controls 
0053 Change orders 
0054 Financial goals 
0055 Client relationship 
0056. Managing Subcontractors 
0057 Staff management and development 

0058 Saram and Ahmed (2001), on the other hand, 
divide the roles of project manager into three categories: 
planning, organizing and controlling. 

0059) Planning is subdivided into 
0060) Identifying 
0061 Communicating 
0062 Analyzing/planning/Scheduling 
0063 Organizing is subdivided into 
0064 Leading 
0065 Facilitating 
0066 Distributing information and records 
0067 Controlling is subdivided into 
0068 Monitoring 
0069. Analyzing 
0070 Controlling/correcting/maintaining 
0071 Recording/communicating 

0072. Upon start of construction, the full participation of 
the project manager is required. AS controller of the project, 
he or she must collect updated data through continuous 
communication with all project participants. Project man 
ager must interpret them and act based on Such data. The 
project manager must accurately judge of circumstances, 
and predict the future based on the information, and clearly 
communicate changes in project conditions as well as their 
impact on Schedule and cost to the top management and 
clients. 

0.073 Project control does not rely on documentation 
alone. In many cases, project managers control various 
issues by relying on their experience. For the purpose of this 
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Study, however, the control proceSS is defined as the acqui 
Sition and management of diverse project data that can be 
quantified or visualized and is used as the basis for decision 
making on the part of the project manager. 
0074 Control Process 
0075. The control process has been defined as a repetitive 
process of data collection, identification, analysis, control, 
and recording. Saram and Ahmed (2001) excluded data 
collection from the project manager's responsibilities. How 
ever, without data collection or a comparison of planned and 
actual performance, there would be no basis for control 
decisions. Therefore, data collection was included as the first 
Stage of project control. And data identification, the Second, 
Since dynamic identification of information, rather than of 
data already determined in the planning Stage, is the most 
important part of the control process. The Specifics of the 
control process are depicted in FIG. 6. 
0.076 Collecting 
0077. Data reflecting the status and progress of a project 
come from numerous Sources. Accuracy, timelines, and 
completeness of these data are foundation of a project's 
success (Barrie and Paulson 1992). Providing accurate 
explanation of the actual project condition by gathering and 
compiling this raw data from other professionals or different 
Subsystems and by organizing them for predictive purposes 
are the first part of a project managerS responsibility during 
construction. Although the authority for final decisions in 
most decision-making processes is reserved for the project 
manager, most issues brought up during construction are 
related to the many disciplines (Ninos and Wearne 1984). 
Therefore, distributing Such information to the project team 
is another important responsibility of the project manager. 
0078. It is not easy for project managers to manage vast 
amounts of raw data from many disciplines in a complex and 
dynamic Situation without a computer management System. 
Barrie and Paulson (1992) mention that if the more routine 
aspects of planning and control are organized into an accu 
rate and effective information System, management is an 
even better able to cope with the unexpected events that 
inevitably occur. 
0079 Currently, there is no appropriate system that can 
effectively collect and compile Such raw data and compre 
hensively and Systematically deliver it to the project man 
ager. Partial communication and document management can 
be performed using a web-based project extranet, but as yet, 
there is no way to integrate large quantities of data produced 
in diverse formats. 

0080) 
0081. Even though raw information can be collected from 
the job Site, if the necessary information cannot be identified 
at the right time, the time period within which to control 
critical issues may be compromised. Cost increases and time 
losses could be incurred due to management's failure to 
notice potential problems. Thus, the project manager must 
always monitor collected data and identify issues requiring 
control Such as following: 

0082) 
0083) 
0084) 

Identifying 

the timeliness of all work carried out 

the budget and cost on all activities 
resource requirements 

0085 delivery, storage, and handling of material 
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0086) strategic activities and potential delays (Saram 
and Ahmed 2001) 

0087 design changes 
0088 differences/conflicts/confusion among partici 
pants (Saram and Ahmed 2001) 

0089 performance of each section and department of 
the project 

0090. It is important to monitor their progress regularly, 
but the project manager reviewing the vast amount of 
information constantly produced, and then making control 
decisions for variance or conflicts is both impossible and 
inefficient. Thus, exception-based management is required. 
Barrie and Paulson (1992) use the term “management by 
exception' which is defined as identifying only those opera 
tions with variances or other parameters exceeding certain 
predefined limits. To enable “management by exception,” an 
integrated management System is necessary to collect all the 
information, analyzes impact within the relationship of each 
raw data, and use the results to express data in a way that is 
easy to understand parts that go beyond certain level of 
tolerance determined by the project manager. 
0091 Analyzing 
0092. The project manager must interpret all contractual 
commitments and documents and analyze the project per 
formance in terms of time, cost and quality, detecting 
variances, and anticipating their effect on time and resource 
constraints. Project managers are overwhelmed with exces 
sive detail (e.g., CPM chart), which requires a lot of effort 
and time to analyze, or alternatively, important issues are 
minimized with over simplified data (e.g., Earned value 
chart) which are unable to give full explanations on the 
cause and impact of variances. As a result, it has become a 
common practice for project managers to rely more on their 
past experience than on analysis of data for their decision 
making. 
0093 Controlling 
0094) Project control, from a macroscopic sense, is a 
comprehensive term incorporating all responsibilities of the 
project manager throughout a project and is Subdivided into 
the Stages: monitoring, analyzing, controlling, and record 
ing. In this Section, control refers to the direct actions taken 
by the project manager to minimize variances or resolve 
conflicts discovered through monitoring. Specifically, the 
project manager is responsible for control over the follow 
Ing: 

Description of Role 

Role of Project Manager 
Monitor schedule 
Process change order 
Keep owner's satisfaction 
Coordinate with field 
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0.095 conflict resolution 
0096 change orders 
0097 improving/altering/eliminating activities and 
considering alternatives that might more efficiently 
meet the project objectives 

0098 coordinating and rescheduling the sequence of 
Onsite work 

0099 coordinating offsite fabrications and their deliv 
ery with the onsite work 

0100 coordinating the purchases, delivery, and storage 
of material 

01.01 
0102 proposing remedial work methods and programs 
for executing them in the event of damage or defects 

agreeing on detail methods of construction 

0.103 Submitting material for approval by the engineer 
0104 facilitating payments to own employees and 
Subcontractors 

0105 optimizing resource allocation and utilization 
0106 (Saram and Ahmed 2001) 
0107 Recording 
0108). According to Saram and Ahmed (2001), diverse 
information should be kept, Since recording is the respon 
Sibility of the project manager. AS document (or informa 
tion) management Systems, web-based extranet Services are 
most often used, but they only enable the posting and 
reading of various messages, drawings, and files. Data 
recording (or Storing) does not refer to simply collecting 
various data created in many places into one place, but refers 
to recording through full integration of Such data Sets Sorted 
according to relevance in order to create one complete form 
of project information. Currently, however, there is no way 
of integrating and connecting updated data from many 
parties. In other words, all the data are Stored according to 
discipline rather than level of importance (drawings by 
drawings, and the same for cost data, Schedule, resource, 
etc). 
01.09) 
0110 Interaction between the field management team and 
the project manager during construction is the most decisive 
factor for project SucceSS. Table 2 shows a Summary of 
responsibilities and needs of the project and field manage 
ment team toward each other. 

Interaction 

TABLE 2 

Definition of Success 

Success for Project Manager 
Under budget and time 
Document control 

Success for field supervision team 
Under budget and under schedule 
Resolve conflict between trades 
Quality workmanship 
Labor harmony 
No change orders 
Fast turnover 
No down time 
Client, architect & engineer satisfaction 
Field needs from PM 
Answers in timely fashion 
Material ordered in time to meet 

Monitor on time 
Team coordinator 
No contractual claims 
Items delivered on time 
No field changes 
No open items 

schedule 
Expedite/distribute info from all parties 
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Description of Role 

Think ahead 
Defines roles and 
responsibilities of staff 
Requisition process 
Anticipate schedule and 
cost problems 

Role of Field supervision team 
Monitor trade/quality 
Schedulefsequence 
Coordination of trades 
Look ahead 
Safety 
RFI 
Update plans 
Resolve field condition 
conflicts 
Controlled inspection 

TABLE 2-continued 

Definition of Success 

to field 
Up to date requisitions/payments 
Be familiar with site & field conditions 
Resolve Owner/engineer/architect 
conflicts 
Up to date logs/reporting 
Open line of communications 

PM needs from field team 
No field changes without approval 
Build per plan 
Safety 
Communicate daily with PM 
Meet date commitments 
Understand contract 
Relayed information on schedule 
Daily reports on time 
Monitor spending (cost awareness) 
Be aware of owner priorities 
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Coordinate and track all deliveries 
Maintain drawings 

Daily reports 

0111 Needs 
0112 Saram and Ahmed (2001) classify the project man 
ager's activities by importance and by time consumption, 
based on a Survey of project managers (See. Table 3). 

TABLE 3 

Importance Time Consumed 

High Mid Low N/A Number High Mid Low Number 
Number Construction coordination activity (%) (%) (%) (%) responses (%) (%) (%) responses 

1 Conducting regular meetings and project reviews 64 27 9 O 33 48 48 3 29 
2 Analyzing the project performance on time, cost 63 31 6 O 32 48 34 17 29 

and quality. Detecting variances from the 
schedule requirements and dealing with their 
effects considering time and resource constraints 

3 Identifying/gathering information in requirements 45 42 12 O 33 48 28 24 29 
of all parties and consolidate for use in planning 

4 Interpreting all contractual commitments and 64 27 9 O 33 45 45 1O 29 
documents 

5 Resolving differences conflicts confusions among 42 55 3 O 33 45 28 28 29 
participants 

6 Liaison with the Client and the Consultants 76 18 6 O 33 41 45 14 29 
7 Identifying or gathering information on defects, 67 24 9 O 33 34 48 17 29 

deficiencies, ambiguities and conflicts in drawings 
and specifications and having them resolved 

8 Translating documents into task assignments 41 41 19 O 32 32 43 25 28 
9 Maintaining records of work done outside the 70 27 3 O 33 31 59 1O 29 

contract, variations, day works and all facts/data 
necessary to support claims 

10 Communication project progress, 48 42 9 O 33 31 52 17 29 
financial/commercial status, plans, schedules, 
changes, documents, etc., to all relevant 
participants 

0113. The activities which require more efficient methods 0118. In order for project managers to perform these very 
of project control for the project manager are Summarized as 
follows. 

0114 communication/meeting 
0115 analyzing performance 
0116 identifying variances 
0117 interpretation of information maintaining 
records 

time-consuming activities more efficiently, two hypothetical 
Strategies are recommended: 

0119) 
0120 b) Control support system 

0121 Single Point of Responsibilities for Project Control 
0122) Ninos and Wearne (1984) argue that the controller 
should be a single individual called project director in 

a) Single point of control 
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construction projects. The problem is that the authority to 
control a project is fragmented. Decisions are rarely made by 
an individual entity because most issues that arise during 
construction are related to and have an effect on many 
disciplines. In practice, the difficulty lies in achieving con 
trol of a project as a whole when decisions on objectives, 
financing, planning, design and construction are divided 
among the owner, engineers, architects, contractors and 
Sub-contractors. The project manager must listen to various 
parties, perform duties as coordinator, and attend frequent 
meetings. Consequently, a complicated control proceSS 
unnecessarily consumes effort and time as even the Simplest 
issues demand authority of the various parties. FIG. 7 is a 
typical example of a control process during construction 
with MIT as building owner and Turner Construction with 
responsibility as construction management and contractor. A 
complicated process of review by many parties is required to 
obtain permission for even one change. 
0123. If one decision maker had all the decision-making 
authority, the process of review and authorization on issues 
could be simplified, drastically reducing the time spent on 
generating change orders. Also, Since all information would 
be directed to one perSon, confusion or omission in infor 
mation management and exchange can be minimized. In 
addition, should a conflict arise, no time is wasted deter 
mining who is responsible Since there is a fixed decision 
maker. This Saves a lot of effort and time when issues need 
to be resolved immediately. However, the idea of a single 
“project director” is unrealistic in actuality for the following 
CaSOS 

0.124 All entities participating in a project share a 
certain amount of risk. This makes it difficult for them 
to accept an arbitrary decision by a project director who 
has total authority on relevant issues. The project 
director also must shoulder the enormous responsibility 
for all decisions. 

0.125 The person with total authority is bound to 
represent the entity that bears the most risk, and in most 
projects, the client or the contractor under GMP con 
tract (Guaranteed Maximum Price) becomes the 
responsible party. It is almost impossible for Such a 
project director to represent the position of all parties 
and be completely neutral. 

0.126 Therefore, the hypothetical project director has 
very little chance of being realized in actual practice. How 
ever, if a truly neutral, Virtual project director, independent 
of any entity, existed, the issue of inefficient and time 
consuming project controls could be resolved. In the fol 
lowing Section, the conditions for a project control System as 
a virtual project director will be investigated. 
0127 Control System as a Virtual Project Director 
0128. The difficulties of project managers can be allevi 
ated through a control System created to meet the demands 
of the project manager. By communicating through Visual 
interface, which can be shared and understood by all parties, 
the project manager can Save a great deal of time. Such a 
System should have an environment enabling all participants 
to share information, in order not to favor one or another 
party. However, the level of acceSS permission would have 
to be controlled, depending on the role of the user. For 
instance, the Scheduler could update and modify Schedules 
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under his/her responsibility but would not have access 
authority to modify other areas. The project manager could 
acceSS all information and can Send requests electronically 
to relevant professionals to modify information. In Such a 
System, all information would be transparent and the perSon 
in charge would be clearly known. If the information 
required by the project manager for data analysis, identifi 
cation, and interpretation, could be provided intuitively with 
an optimum level of detail in real-time among the diverse 
Systems of the field management team, architect, and engi 
neer and control System of the project manager, it would 
greatly reduce the time and effort required for the control 
process. What a project manager needs is not a complex 
System for inputting and calculating, as is the case with 
currently used control Systems. The project manager des 
perately needs a monitoring and control interface much like 
the dashboard or instrument panel of a car, through which 
he/she can comprehensively and intuitively read the infor 
mation transferred from each party and professional, make 
judgments, and provide feedback. This control System could 
perform the role of “project director,” as presented by Ninos 
and Wearne but as a virtual, truly neutral project manager 
acceptable to all project participants. 

0129. D. Control Methods 
0.130 Various types of graphical representation of data 
are used for monitoring and controlling a project as the 
prime means of tracking, communication and decision mak 
ing. Scheduling methods have been the principal vehicles of 
project control in Spite of their visual limitations and com 
plexity. Scheduling integrates the Separate efforts of team 
members by coordinating each individual’s work within an 
interdependent time sequence (Degoff and Friedman 1985). 
A Schedule is a time-based graphic representation of 
resources and time constraints. It should include activity 
logic, a resource plan, and the budget and cost for each 
unique project context. As a main communication platform, 
Scheduling information must be expressed in a language 
understood and used by all participants from planning to the 
end of construction (Kerzner 2001). 
0131 Traditional Methods 

0132) Evolution 

0.133 Since the invention of the simple Gantt chart in 
1915, various Scheduling techniques have been introduced 
to satisfy the demands of different industries. The methods 
mentioned in FIG. 8 have evolved in terms of information 
capability and functionality, but have not address a graphical 
efficiency or Specific user needs in construction projects. In 
other words, as Scheduling techniques have evolved in terms 
of functionality, they have Stalled in terms of their graphic 
manifestation. 

0.134. Despite new methods that have been introduced, 
the Gantt chart and critical path method are the most 
prevalent visual interfaces in the existing Scheduling and 
management applications. The Gantt chart is Still the main 
communication interface used in construction projects due 
to its Simple visual representation. A logical network is the 
main planning method for Schedulers; however its visual 
clarity is minimal. Table 4 shows evolution of scheduling 
methods. 
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TABLE 4 

Model Method Use Benefits Drawbacks Year 

Deterministic Gantt Presentation Easy to read Weak information 1917 
Model & communication Hierarchy of information 

CPM (Critical Planning & control Critical Path Limited and 1958 
Path Method) complex visual 

Probabilistic PERT Statistical Probabilistic times representation 1958 
Model (Program calculate probability of 

Evaluation and completing the project 
Review (optimistic, pessimistic, 
Technique) expected duration) 
PDM Planning & control Criticality 1964 
(Precedence Splitting 
Diagram Warnings 
Method) Lag 
GERT Planning network modeling Too many visual 1966 
(graphical technique for complex elements to 
evaluation and situation interpret 
review allow project planning 
technique) under “what if conditions 
OGERT management of multiple 1977 
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project & team 

0135 Milestone Chart 
0.136 Milestone charts are most commonly used by 
Senior management to focus on the “big picture' Selected 
customerS also like to review performance on Selected 
milestones as they monitor a project (Fleming 1988). Mile 
Stone charts typically use a “triangle' to illustrate the plan, 
and a "diamond' to reflect changes to the original baseline 
plan. The "diamond’ indicates any change to a baseline, 
whether earlier or later than was originally planned. 

0.137 Gantt Chart 
0.138. The Gantt chart has been the main scheduling, 
communication, and control interface Since it was developed 
due to its simple Visual representation. Start and finish time 
and duration of planned activities or tasks are presented in 
a spreadsheet format as colored bars by a horizontal time 
Scale. AS progreSS is made in accomplishing the tasks, the 
bars are filled in with a second color to indicate this. When 
the horizontal progreSS lines are compared to a vertical time 
line, one can immediately visualize whether the tasks are on, 
ahead, or behind schedule (Fleming 1988). 
0139) Drawback of Gantt Chart 
0140. However, this method has two limitations as the 
main control method in a construction project. Firstly, it only 
shows time-related information by scaleable bars. Reliabil 
ity as a control System is very low because it does not show 
the relational impact between time, cost, resource, and 
performance. Even if the bar chart shows the progreSS of an 
activity is on Schedule, it does not mean that the activity is 
going well Since cost and resource information are not 
included. 

0141 For example, Activities A and B in Table 6 are 
presented as equally Successful according to the Gantt chart 
because the actual percentage completed is the Same as the 
planned percentage completed. However, activity B Spent 20 
percent more than the planned budget. If the 20 percent cost 
overrun is a result of resource usage, this activity will have 
a resource shortage Soon. If management doesn't recognize 
this problem in time, it may cause a Schedule delay due to 

the need for an additional resource delivery at the last 
moment. 

TABLE 6 

Planned 2% Actual cost of Actual % Budgeted cost of 
Activity completed completed work performed work performed 

Activity A 70% 70% 50% 50% 
Activity B 70% 70% 50% 70% 

0.142 Secondly, information presented in a conventional 
Spreadsheet format, which layS out data in columns and 
rows, is only useful to show a relatively Small amount of 
data, Such as weekly meetings or a Summary Schedule. A 
control Schedule usually contains hundreds of bars in row. 
Such a vast amount of data presented in Separate pages 
whether on paper or Screen cannot possibly convey a clear 
or comprehensible picture of a project. 

0.143 Network Diagrams 
0144. Another technique used to plan and schedule a 
project is network Scheduling, Sometimes referred to as logic 
diagramming. Network Schedules Simulate a project by 
taking the planned tasks or events and tying them together 
with constraint or dependency lines. Such constraints pre 
vent later tasks or events from occurring until earlier ones 
are finished (Fleming 1988). FIG. 9 shows Network Sched 
uling Types (Fleming 1988). 
0145 Critical Path Method (CPM) 
0146 In 1957, Dupont developed a project management 
method designed to address the challenge of Shutting down 
plants for maintenance and then restarting them once the 
maintenance had been completed. The critical path method 
(CPM) is a network analysis method whereby the overall 
project duration can be estimated based on the duration of 
each of the activities and their Schedule dependencies. 
Activities are depicted as nodes on the network and events 
that Signify the beginning or end of an activity are depicted 
as a line between the nodes. FIG. 10 is an example of a CPM 
network diagram. 
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0147 CPM was developed for complex but fairly routine 
projects with minimal uncertainty in terms of project 
completion time. For less routine projects there is more 
uncertainty in the completion times, and this uncertainty 
limits the usefulness of the deterministic CPM model. Even 
though CPM is most commonly used at the lower levels in 
a cost/Schedule control System in construction projects, it is 
not an adequate control method for the extremely uncertain 
construction field. 

0148 Program Evaluation 
(PERT) 

and Review Technique 

014.9 The Program Evaluation and Review Technique 
(PERT) charts depict task, duration, and dependency infor 
mation (Modell 1996). A PERT chart presents a graphic 
illustration of a project as a network diagram consisting of 
numbered nodes (either circles or rectangles) representing 
events, or milestones in the project linked by labeled vectors 
(directional lines) representing tasks in the project. The 
direction of the arrows on the lines indicates the Sequence of 
tasks. PERT was found to be mathematically accurate, and 
computers quickly accepted the logic input without diffi 
culty. But the intended users, conservative, “old guard' 
management, had trouble digesting the logic of the original 
PERT displays. FIG. 11 is an example of a PERT chart. 

0150 Precedence Diagram Method (PDM) 
0151. In about 1963, another approach to network sched 
uling was introduced, the Precedence Diagram Method 
(PDM). In this method, the focus is also on tasks, which are 
displayed as nodes (boxes) also linked together with depen 
dency lines. This approach is the most popular today, 
because it allows project managers considerable flexibility 
in the re-planning of a project as circumstances dictate. This 
is critical Since the re-planning of a project is perhaps of 
greater importance to those who Schedule than is the prepa 
ration of the original plan (Fleming 1988). 
0152 Benefits of Network Diagram Methods 
0153 CPM pinpoints the activities whose completion 
times are responsible for determining the overall 
project duration. With these critical operations clearly 
identified, major attention can be directed toward keep 
ing them on Schedule in order to meet the planned 
completion date (Suhanic 2001). 

0154) They are of considerable value in isolating alter 
nate approaches, the “what-if”, as progreSS goes poorly, 
and other ways must be found to accomplish a project 
(Fleming 1988). 

O155 Network diagrams give a quantitative evaluation 
of the float that each activity has. Activities with float 
can be Started and finished after the earliest dates, or 
they may be shifted in time to Smooth labor or equip 
ment requirements (Suhanic 2001). 

0156 Drawbacks of Networked Diagram Method 

O157 Even though the calculation of the critical path is 
precise and Systematic, the concept of it is unrealistic. 
The critical path depends on predictable time duration 
of the tasks and their precedence. However, the dura 
tion of each task is So Variable and depends on a 
number of factors (Pollalis 1993). 
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0158 Changes in the amount of resources or produc 
tivity will change the duration, possibly precedence 
and, consequently, the critical path. The network dia 
grams cannot display any of those changes. 

0159 Recalculation necessitated by the new data may 
result in a completely different critical path than before 
causing Serious consequences (Pollalis 1993). 

0160 The result is a schedule which frequently does 
not reflect reality, and certainly not the project manag 
er's reality (Pierce 1998). 

0.161 Visual Representation of the Traditional Methods 
0162. In terms of visual representation, the Gantt chart 
does not provide all the information necessary for control, 
due to limitations in information representation. Therefore, 
this is not an adequate tool for identifying the reasons for 
cost or Schedule issueS or their impact. 

0163 George Suhanic (2001) noted that “Although both 
CPM and PERT are logically elegant and analytically pow 
erful tools, they are visual disaster.” CPM is a method 
well-known to Schedulers and most project managers at 
construction sites, but it is not fully understood. Even if it 
were fully understood, it has only limited usage in calcu 
lating simple critical paths and floats. A critical path calcu 
lated only with time constraints neglects other constraints, 
Such as Spatial conflicts, resource shortages, manpower 
unavailability, which occurs in actual construction. This is 
why it is almost never used by project managers for project 
control. 

0164. Even though the newer interfaces provide more 
data and better functionality, they are overly complex and 
poorly reflect the true nature of construction project. Quan 
tity of data is substituted for quality of data. Thus users 
become overwhelmed and give up using it. 

0165) 
0166 Earned Value Analysis 

Integrated Control Methods 

0.167 The concept of earned value analysis was actually 
developed as early as the 1800s when it became desirable to 
measure performance on the factory floor (Wilkens 1999). 
The idea was revived in the early 1960s when the U.S. 
Department of Defense attempted to employ the resource 
added PERT. As already noted above, PERT was ignored by 
industry, and failed due to ineffective implementation by the 
government and lack of computer Software technology. 
However, overlooked aspect of PERT/Cost was a new 
concept called “earned value' management. It introduced 
the idea of planning a project in Sufficient detail to precisely 
measure performance along the way, and included the ability 
to obtain reliable estimates of total costs, to calculate the 
total cost of completing various programs (Fleming 1988). 
0168 Components 

0169. The greatest benefit of earned value analysis is that 
it provides an accurate measure of current progreSS, and also 
shows future impact using a uniform unit of measure, a 
consistent methodology and a basis for cost performance 
analysis. Components of the earned value method can be 
divided into two indicators: actual performance and forecast. 
FIG. 12 shows components of earned value analysis. 
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0170 Actual Performance 
0171 It is necessary to first discuss how a project man 
ager can use components of earned value analysis in con 
Struction. The first thing to know as a project manager is the 
percent of project completion. Earned value analysis pro 
vides clear answer to the following questions: 

0172 How complete is the project? 
0173 Assuming a project consists of Activities; A, B, 
C and D, if the first two of them are completed, does it 
mean 50% of the work completed? 

0174) What is each activity worth? How is one to 
equate it with the other activities? 

0175 Does 10% of Activity “A” has same value as 
10% of Activity “B”? 

0176 Earned value analysis provides an easy understand 
ing of the different nature or measurement of data to a 
project manager by uniformed manners. It combines cubic 
yards of concrete with Square feet of forms, and tons of 
rebar, etc (Wilkens 1999). 
0177 For example, a concrete Subcontractor reports to 
the project manager that he/she has finished 50% of his 
work, because: 

0178 50% of the concrete has been used 
0179 50% of the planned area on floor plan has been 
finished 

0180 50% of the budgeted labor hours are spent 
0181 Are any of these three measurements actual indi 
cators that 50 percent of the work has been completed? 
Using earned value analysis, the concrete Subcontractor 
would measure the total quantity of concrete installed and 
compare that against the budgeted quantity to determine the 
percent completed. Similarly, he/she would compare the 
installed quantity against the quantity planned to be installed 
up this point in time to determine if he/she is ahead or behind 
Schedule. 

0182. The three major components of earned value for 
indicating actual Status are: 

0183 BCWS: budgeted cost of work scheduled, 
BCWS=planned 9% completedxBAC (budgeted at 
completion) 

0184 BCWP: budgeted cost of work performed, 
BCWP=actual % completedxBAC 

0185 ACWP: actual cost of work performed 
0186 By integrating cost and schedule variances, the 
control System can provide the basis for monitoring work 
performance. 

0187 CPI: cost performance index 
0188 BCWP/ACWP=budgeted cost of work per 
formed/actual cost of work performed 

0189 CPI-1.0, perfect performance. 
0190. If CPI>1.0, exceptional performance 
0191) If CPI-1.0, poor performance 
0192 SPI: schedule performance index 
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0193 BCWP/BCWS=Budgeted cost of work per 
formed/Budgeted cost of work Scheduled 

0194 SPI=1.0, perfect performance 

0195 

0196) 
0197) Forecasting 

If SPI>1.0, exceptional performance 

If SPIC1.0, poor performance 

0198 Earned Value is a key forecasting tool for manag 
ing a project. On the other hand, the estimate at completion 
(EAC) is the best estimate of the total cost at the completion 
of the project (Kerzner 2001). 
0199 The Estimate at Completion (EAC) 
0200. The EAC, the final forecast of the cost of a project 
or a task, is a number of great interest each update cycle. It 
indicates where the project cost is heading. The ability to 
calculate an EAC is one of the great benefits of earned value 
analysis (Wilkens 1999). FIG. 13 shows an example of 
forecasting the estimate at completion. 

0201 EAC: estimate at completion, EAC=ACWP+ 
ETC (estimate to complete) 

0202) In FIG. 13, the actual cost is greater than the 
planned cost for the completed work (ACWP>BCWP). If 
performance continues at the same trend, at completion the 
actual cost (EAC) will far exceed the budget (BAC) (Wilk 
ens 1999). 
0203 Earned Value Management System of Samsung 
Construction 

0204. In the case of Samsung Construction (Table 7), the 
earned value management System has been applied in order 
to integrate the management of different Schedules and costs, 
enabling a consistent management of information. The dis 
play of performance according to Schedule Performance 
Index (SPI) and Cost Performance Index (CPI) using dif 
ferent colors, also allows users to identify the project per 
formance intuitively. Blue indicates the most desirable 
progreSS in Schedule and cost, followed by Sky blue, yellow, 
purple, and red in descending order of desirability. 

TABLE 7 

SPI CPI Judging Contents of analysis 

Over 95%. Less than 100% Blue Normal process on the progress 
Normal cost over budget 

100%-105% Sky Normal process on the progress 
blue Slight cost over budget 
Yellow Normal process on the progress 

Excessive cost over budget 
90%-95% Less than 100% Sky Slight delays on progress 

blue Slight cost over budget 
Yellow Slight delays on progress 

Excessive cost over budget 

Over 105% 

100%-105% 

Over 105% Purple Slight delays on progress 
Excessive cost over budget 

Less Less than 100% Yellow Excessive delays on progress 
than 90% Normal cost over budget 

Excessive delays on progress 
Slight cost over budget 
Excessive delays on progress 
Excessive cost over budget 

100%-105% Purple 

Over 105% Red 
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0205 E. Control Information for Project Manager 
0206. The information necessary for project control 
should be filtered and analyzed data, rather than raw data 
from the field. The project manager does not produce 
information, but must understand the actual conditions of 
the project and make forecasting, based on the diverse 
information produced by the various parties in order to 
anticipate and circumvent problems. The information that 
can help the project manager is data showing actual condi 
tions, pointing out potential issues, and predicting future 
eVentS. 

0207 Current Status 
0208 Currently, project conditions are evaluated by com 
paring actual field performance with the planned perfor 
mance. The information to be identified here includes the 
following elements: 
0209 Physical Location of and Responsible Entity for the 
Task 

0210. Current scheduling interfaces are code-based, and 
demand a great deal of time and effort for the project 
manager to identify the physical location and responsible 
entities for activities outside the jobsite. Such information 
should be displayed in an easy manner. 
0211 Productivity 
0212 AS quantity-adjusted budget, productivity is impor 
tant as the trending index that identifies performance of each 
entity assigned to tasks, to manage each Sub-contractor. 

0213 Productivity=QAB (quantity-adjusted budget) 
perSon-hours/actual person-hours 

0214) Productivity=% physical completion/% QAB 
perSon-hours used 

0215 Performance: Cost/Schedule Performance Index 
0216) As shown in Table 7, the CPI and SPI, which are 
methods of earned value for Samsung Construction, should 
show the relationship between the two in an integrated 
manner. If performance falls below the level of tolerance 
defined by the user, it should clearly display this to allow for 
immediate action. 

0217 Criticality 
0218 CPM-based criticality is useful for indicating the 
total duration of a project and the level of potential risk when 
planning the construction Schedule. However, once con 
Struction begins, this information has no significance for 
project management teams that must meet fixed deadlines, 
and criticality due to various constraints. In the actual field, 
Such as Spatial conflicts, material deliveries, availability of 
equipments, becomes more important. In many cases, Such 
criticality is manually detected by the field management 
team rather than generated by the Scheduling System. This 
information must also be displayed in the control System. 
0219 Float 
0220 Float does not affect total project duration, but it is 
a time frame which allows delays at the outset or upon 
completion of the work. Float clearly shows what work is 
important and how much extra time exist, and is therefore an 
important indicator for control. 
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0221) Deviation 
0222 Although it is important to identify each of the 
deviations, it is more important for the project manager to 
understand the reasons for and characteristics of Such devia 
tions. 

0223 Reason for Deviation 
0224 Sriprasert and Dawood (2003) divided reasons for 
deviation into the following five categories: 

0225 accident 

0226 weather 
0227 equipment 

0228 material 

0229) labor 

0230 For instance, if there is a schedule delay, it is 
important to know whether it is the result of a productivity 
issue, conflict with other activities, a resource shortage, a 
weather issue, etc. Unless the cause of the delay is identified, 
the problem cannot be resolved. 
0231 Delay 
0232 There are various types of delays and these should 
be specified be along with the length of delay to help the 
project manager act upon them. 

0233 

0234 

0235) 

excusable delay VS nonexcusable delayS 
compensable VS noncompeSable delayS 

critical VS noncritical delayS 

TABLE 8 

Excusable Delay Non-excusable Delay 

Design problems 
Employer-Initiated changes 
Unanticipated weather 
Labor disputes 
Fire 
Unusual delay in deliveries 
Unavoidable casualties 
Acts of god 

Unavailability of personnel 
Subcontractor failures 
Improperly installed work 

0236. Forecast 
0237) The estimate at completion (EAC) is the most 
valuable forecasting information for determining the total 
cost at the completion of the task (or the project). By giving 
the project manager this information when a task or project 
is in progress, he/she has an opportunity to plan required 
measures before an actual cost overrun occurs. 

0238 EAC: estimate at completion 

0239 ETC estimate to completion 

0240 CPI/SPI Indices 
0241 The cost and schedule performance index is most 
often used for trend analysis. The usefulness of trend analy 
sis is that it provides an early warning System So that 
corrective action can be taken as Soon as there are Signs of 
unfavorable trends (Kerzner 2001). 
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0242. However, as FIG. 14 shows, CPI/SPI indices 
depict a Summary trend of the entire project, and therefore 
it is impossible to identify the source of the trend. Thus, 
while this tool performs the important but limited function 
of alerting management that an unfavorable trend is devel 
oping, it is unable to analyze the causes of Such a trend or 
explain what impact it will have in the future. 
0243 F. Information Requirement for Project Control 
0244. As described so far, the control information based 
on earned value analysis provides concise and accurate 
picture to help the project manager's monitoring and con 
trolling function. The control information that must be 
displayed by the control System for the project manager can 
be organized as shown in Table 9. 

TABLE 9 

Item Description 

Basic Information 

Activity Description of activities 
Responsibility List of entities assigned to the activities 
Criticality Type of criticality 
Float Amount of float 
Percentage of cost Cost distribution of each item based on the 
distribution percentage of total project cost 

Actual performance 

% Complete Percent of work performed 
Productivity % physical completion?% QAB (quantity-adjusted 

budget) person-hours used 
CPI Value of Cost Performance Index 
SPI Value of Schedule Performance Index 
Schedule deviation Causes of schedule deviation 
Delay Types of delay 
Cost deviation Causes of cost overrun 

Forecasting information 

EAC Estimate at completion 
ETC Estimate to completion 

0245 G. Data Visualization in Construction 
0246 Construction project produces massive amount of 
data in different forms through complex processes. Accord 
ing to Kerzner's (2001), between thirty and forty different 
Visual methods are currently being used to represent con 
Struction information throughout the lifecycle of a project. 
All graphics and charts in construction project consider four 
Sets of data; time, cost, resource, and performance because 
all project participants must have an accurate picture of the 
relations between them. 

0247 Types of Visual Representation in Construction 
0248 Sriprasert and Dawood (2003) described graphics 
in construction in Six different types of visual representation 
in construction: 

0249 a) Worksheet: easy to prepare and generally used 
for work-face instruction or method Statement 

0250 b) Bar chart or Gantt chart: used at crew level 
planning or as a representation of CPM network 

0251 c) Line-of-balance: a particular representation 
for line-of-balance Scheduling technique 

0252 d) 2D drawings: normally used for site layout 
and Space planning 
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0253) e) 3D CAD: generally used for product clash 
detection or clarification of detailed connections 

0254 f) 4D CAD (3D+time): presents temporal and 
Spatial aspects of construction and So is useful for plan 
evaluation and communication 

0255 Among the various types of information represen 
tation, the method chosen depends on the intended audience. 
For example, upper-level management may be interested in 
costs and integration of activities with very little detail. 
Summary-type charts normally Suffice for this purpose. 
Daily practitioners, on the other hand, may require as much 
detail as possible in activity Schedules. If the Schedule is to 
be presented to the client, then the presentation should 
include cost and performance data as well (Kerzner 2001). 
However, none of these methods effectively present the 
multivariable information of time, cost, resource and per 
formance in a holistic manner, not do they reflect the unique 
circumstances of each construction project. 
0256 Value of Graphics in Construction 
0257. It is extremely hard for a project manager to 
monitor and control all aspects of a project on the basis of 
firsthand observation alone. Significant information can be 
omitted or disguised during discussion or meeting with field 
professionals. Text-based information is often overly 
detailed or too technical detail or technical. Moreover, most 
organizations do not have Standardized reporting proce 
dures, which further complicate the Situation. AS already 
noted, each party or division may have its own method of 
showing information. Fragmentation of data by non-stan 
dardized formats and information expressed by discipline 
Specific methods limit a project manager's ability to effec 
tively monitor and control a project. 
0258. In his book Envisioning Information, Edward Tufte 
(1990) points out that the most rewarding and challenging 
form of information graphics are compositions that convey 
multi-variable data. Proper Visual representation of con 
Struction data can assist the project manager in a number of 
important ways. 

0259 Cutting cost and reducing the time for gathering 
and interpreting data 

0260 Reducing search effort and time (Card, Mackin 
lay et al. 1999) 

0261 Understanding complex relationships between 
multivariable data 

0262 Identifying exceptions by the recognition of pat 
terns 

0263 Increasing memory 
0264 Reducing time spent for monitoring, but allow 
ing more time for decision making 

0265. Obtaining better control of Subcontractor activi 
ties 

0266 Developing better troubleshooting procedures 
0267 These purposes of visualization are explained in 
the following case examples. 

EXAMPLE O1 

3D Syllabus 
0268 FIG. 15 shows the screenshot from an existing 
training manual for Fuji-Xerox printers and copiers. This 
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multimedia content is distributed on a CD-ROM and was 
produced using Macromedia Authorware. The user interface 
has hyperlinks and buttons for page turning. The content is 
organized hierarchically. At the top level are modules, and 
within each module is a tree diagram. The leaves of the trees 
are pages that can be accessed and Viewed. The pages 
contain text, images, and Video clips. 
0269. The current hidden structure of hierarchical tables 
of contents in digital format requires users to unnecessarily 
turn pages to find certain information and doesn’t provide a 
clue as to the amount or the location of that information. 
Users may not remember the location of information as Soon 
as they have turned Several pages of the Syllabus. As a result, 
it is very hard for users to spend the time and effort needed 
to finish the contents. 

0270. A screen shot of the 3D syllabus is shown in FIG. 
16. It visually presents the content of the Fuji-Xerox CD 
ROM in a very different manner than that of FIG. 15. 
0271 Features 
0272. Three-Dimensional Tile Structure: Sense of Loca 
tion 

0273. The content set is organized as a table that is 
represented by a grid of Square tiles. These tiles are set on 
the flat ground plane in the 3D landscape. Spaces between 
the tiles allow the user to see the objects above and below 
ground. Part names are listed along one axis and task types 
are listed along the other axis. 
0274) Balloon: Sense of Amount & Priority 
0275 A balloon (or sphere) represents an index to the 
multimedia content; Each balloon has a String connecting it 
to the Square tile beneath it. Clicking on a balloon accesses 
or plays the content corresponding to the Square. The size of 
the balloon indicates the amount of content (e.g. in bytes) for 
that lesson. When content has been accessed, the user can 
give a rating to the content (e.g. through a dialog box or by 
directly manipulating the balloon). The height of a balloon 
indicates the rating (e.g. very low, low, medium, high, very 
high) given by the user. 
0276 Color: Classification 
0277 Color is used to visually group tiles of related 
content. For example, tiles of the same color belong to the 
Same training module. Color patches of each balloon rep 
resent the different media: Video, audio, Slide image, text 
notes, bookmarks, etc. A balloon that has been Visited has a 
red circle painted on its square tile (shown in FIG. 16). 
0278 Pipes: Guidance 
0279 The pipes connecting the balloons represent paths 
through the content. For example, an instructor can prescribe 
a course by using a path. Alternatively, a path can Show the 
history of the lessons taken by a user Studying indepen 
dently. Arrows on the pipes indicate direction. The pipes 
represent a path through the various leSSons. 
0280 The visualization is a double-sided landscape with 
one side for personal indexes and the other Side for group 
indexes (See FIG. 17). The side with the balloons is the 
personal Side, and the Side with the cubes is the group Side. 
For the training application, the group can comprise the 
Students in the class. The height of a cube indicates the 
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average rating given by the group. The brightness indicates 
how many people rated the content; this is important to 
know Since an average rating from a Small number of people 
may be leSS reliable. Clicking on a cube accesses group 
content Such as the annotations created by other people. 
0281 To compare the group and personal indexes, a 
feature called Superimpose Indexes is provided. This func 
tion moves the indexes below ground to above ground, 
overlaying both group and personal indexes (See FIG. 17). 
Since the group indexes (cubes) are Semi-transparent, both 
sets of indexes are visible 

0282 Benefits 
0283 Reducing Search Effort and Time 
0284 Visualization can essentially index data spatially 
by location and landmarks to provide rapid access (Card, 
Mackinlay et al. 1999). According to the results of a user test 
of the given example, users could remember the location of 
information far more easily than with the 3D model than 
with tree interface. 

0285 Understanding Complex Relationships 
0286 Visual representation automatically supports a 
large number of perceptual inferences that are extremely 
easy for humans. Visualizations simplify and organize infor 
mation, Supplying higher centers with aggregate forms of 
information through abstraction and Selective omission 
(Card, Robertson, and Mackinlay, 1991). 
0287) 
0288 Tufte (1983) observed that visualization can rep 
resent a large amount of data in a Small Space. Compared to 
the interface pictured in FIG. 15, which shows a very 
limited list of contents divided into over twenty pages in 
three levels of hierarchy, 3D Syllabus presents it on a Single 
layer. As a result, Search time is dramatically reduced. The 
user's memory is increased, helping them navigate and 
Search efficiently without time consumed becoming familiar 
with the information structure. 

Increasing Memory 

0289 Enhancing the Recognition of Patterns 
0290 Visualizations can also allow patterns in the data to 
reveal themselves through clustering or common visual 
properties (Card, Mackinlay et al. 1999). These patterns 
suggest schemata at a higher level. FIG. 18, “Arc Diagram” 
by Martin Wattenberg shows visual representation of music. 
"Arc Diagram' is a method for representing Sequence Struc 
ture by highlighting repeated Subsequences. It generalizes 
the musical notation by using a pattern-matching algorithm 
to find repeated SubStrings and then representing them 
visually as translucent arcs (Wattenberg 2002). The pattern 
or Structure of music, which cannot be easily found in 
conventional musical notes, is intuitively identified. 
0291 Cutting Time for Monitoring 
0292 Visualizations can allow for the monitoring of a 
large number of potential events if the display is organized 
So that these stand out by appearance or motion (Card, 
Mackinlay et al. 1999). 

SUMMARY OF THE INVENTION 

0293. The present invention provides a system and 
method for visually representing project metrics on 3-di 
mensional product models. 
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0294 The present invention also provides a computer 
readable medium having recorded thereon a computer read 
able program for executing the method for visually repre 
Senting project metrics on 3-dimensional product models. 
0295 According to an aspect of the present invention, 
there is provided a System for visually representing project 
metrics on 3-dimensional product models, the System com 
prising: a user interface unit for receiving an input of color 
information, including variations in the colors and color 
tones of objects to be visualized in response to the course of 
a project, and output conditions, including a time interval at 
which an output is required, from a user; a database unit for 
Storing the objects and temporal and/or spatial relationships 
between the objects, and an image formation unit for deter 
mining colors and color tones of the objects according to the 
project course based on the output conditions input by the 
user, forming and outputting 3-dimensional images of the 
objects by the determined colors and color tones. 
0296 According to another aspect of the present inven 
tion, there is provided a method for visually representing 
project metrics on 3-dimensional product models, the 
method comprising the Steps of establishing temporal and/ 
or Spatial relationships between objects to be visualized; 
Setting the variations in the color and color tone of the 
objects in response to the course of a project, receiving an 
input of information concerning the project course from a 
user or an external System; determining colors and color 
tones of the objects according to the project course based on 
output conditions input by the user; and forming and out 
putting 3-dimensional images of the objects by the deter 
mined colors and color tones. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0297. The above and other features and advantages of the 
present invention will become more apparent by describing 
in detail exemplary embodiments thereof with reference to 
the attached drawings in which: 
0298 FIG. 1 is a drawing illustrating construction 
project control cycle by Pierce 1998; 
0299 FIG. 2 is a drawing illustrating responsibilities of 
project control during construction; 
0300 FIG. 3 is a drawing illustrating the concept of 
control System; 
0301 FIG. 4 is a drawing illustrating system usages in 
the construction of the Zesiger Athletic Center at MIT, MA; 
0302 FIG. 5 is a drawing illustrating a visual interface 
according to the functions of Primavera; 
0303 FIG. 6 is a drawing illustrating project manager's 
control process, 
0304 FIG. 7 is a drawing illustrating change process in 
controlling, 

0305 FIG. 8 is a drawing illustrating evolution of sched 
uling methods, 
0306 FIG. 9 is a drawing illustrating Network Schedul 
ing Types; 

0307 FIG. 10 is an example of a CPM network diagram; 
0308 FIG. 11 is an example of a PERT chart; 
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0309 FIG. 12 is a drawing illustrating components of 
earned value analysis, 
0310 FIG. 13 is a drawing illustrating an example of 
forecasting the estimate at completion; 
0311 FIG. 14 is a drawing illustrating result of trend 
analysis by using performance index; 
0312 FIG. 15 is a drawing illustrating the screenshot 
from an existing training manual for Fuji-Xerox printers and 
copiers, 
0313 FIG. 16 is a drawing illustrating a screen shot of 
the 3D syllabus; 
0314 FIG. 17 is a drawing illustrating a view of the 
personal and group indexes, 
0315 FIG. 18 is an arc diagram by Martin Wattenberg 
showing Visual representation of music, 

0316) 
Bar; 
0317 FIG. 20 is a drawing illustrating alternative sched 
uling for a task using quantified bars, 
0318 FIG. 21 is a drawing illustrating the relationship 
between duration and intensity; 
0319 FIG. 22 is a drawing illustrating the Superimposi 
tion of two quantified bars, 
0320 FIG.23 is a drawing illustrating the quantified bars 
in their new position; 
0321 FIG.24 is a drawing illustrating different repeating 
tasks represented on a line of balance chart; 
0322 FIG. 25 is the matrix-balance chart; 
0323 FIG. 26 is a drawing illustrating arrangement of 
quantitative bars by physical locations, 
0324 FIG. 27 is a drawing illustrating outworld applets 
of the two-dimensional version of Phase (X); 

FIG. 19 is a drawing illustrating the Quantified 

0325 FIG. 28 is a drawing illustrating outworld applets 
of the perspective version of Phase (X); 
0326 FIG. 29 is a drawing illustrating existing visual 
ization methods: a Scatter plot, linked histogram, hierarchi 
cal tree, and tree map layouts; 
0327 FIG. 30 is a drawing illustrating an Interactive 
Information Visualization of a Million Items; 
0328 FIG. 31 is another example of visualization using 
the tree map; 
0329 FIG. 32 is a tree map representation of the pay item 
level of monthly cost report; 
0330 FIG.33 is a drawing illustrating transformations of 
bar chart-based Scheduling techniques, 
0331 FIG. 34 is a drawing illustrating an example of 
Scheduling System; 

0332 FIG. 35 is a 3D CPM diagram; 
0333 FIG. 36 is a drawing illustrating a visual represen 
tation of activity with manpower & Work load; 
0334 FIG. 37 is a drawing illustrating a structure of three 
areas of the building model-based System; 
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0335 FIG. 38 is a drawing illustrating a possible struc 
ture of information exchange among disciplines with the 
existing capability of computer-based Systems, 

0336 FIG. 39 is a drawing illustrating an example of 
ArchiCAD's user interface; 

0337 FIG. 40 is a flowchart of 4-D CAD process; 
0338 FIG. 41 is a drawing illustrating Bentley's Sched 
ule Simulator as an example, 
0339 FIG. 42 is a drawing illustrating visually assess 
impact to ongoing facility operations, 

0340 FIG. 43 is a drawing illustrating a color select 
pane, 

0341 FIG. 44 is a drawing illustrating examples of user 
interfaces of 4D CAD system; 
0342 FIG. 45 is a drawing illustrating an example of 4D 
component pane, 

0343 FIG. 46 is a drawing illustrating the concept of 
identifying Space conflicts by time; 

0344 FIG. 47 is a drawing illustrating the different 
patterns for the various spaces, 

0345 FIG. 48 is a drawing illustrating a case when 3D 
models become the platform for all project information; 
0346 FIG. 49 is a drawing illustrating an example of 
interview Summary; 

0347 FIG. 50 is a drawing illustrating a section of 
highway; 

0348 FIG. 51 is a drawing illustrating a building floor 
plan with core, 
0349 FIG. 52 is a drawing illustrating cranes by site 
constraints; 

0350 FIG. 53 is a drawing illustrating information avail 
ability through the project phases, 

0351 FIG. 54 is a flowchart of project control; 
0352 FIG. 55 is a drawing illustrating types of informa 
tion relationships, 

0353 FIG. 56 is a drawing illustrating the construction 
of the Structural skeleton of a typical floor in a cast-in-place 
concrete building; 

0354 FIG. 57 is a drawing illustrating relations accord 
ing to different Schedule Structure; 
0355 FIG. 58 is a drawing illustrating many-to-many 
relation; 

0356 FIG. 59 is a drawing illustrating the links between 
the schedule and 3D objects when the building model 
consists of a column, beam, and Slab, 

0357 FIG. 60 is a drawing illustrating the link when the 
inner Steel reinforcement can be visually distinguished in the 
column; 

0358 FIG. 61 is a drawing illustrating visual properties 
of 3-dimensional object; 
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0359 FIG. 62 is a drawing illustrating an example of 
Visual representation of the Status of activities by color on 
3D model; 
0360 FIG. 63 is a drawing illustrating another example 
of Visual representation of the Status of activities by color on 
3D model; 
0361 FIG. 64 is a drawing illustrating visualization of 
progreSS in the existing model-based System; 
0362 FIG. 65 is a drawing illustrating visualization of 
progreSS in the present invention; 
0363 FIG. 66 is a drawing illustrating a construction 
plan for the temple front project by Shih and Huang, 
0364 FIG. 67 is a drawing illustrating representation of 
Sequence by time-based animation in 4D CAD, 
0365 FIG. 68 is a drawing illustrating sequence by 
degrees of tone; 

0366) 
tone, 

FIG. 69 is a drawing illustrating work sequence by 

0367 FIG. 70 is a drawing illustrating visual represen 
tation of construction Sequence in 4D CAD, 
0368 FIG. 71 is a drawing illustrating visual represen 
tation of construction Sequence in the present invention. 
0369 FIG. 72 is a drawing illustrating visual represen 
tation of activity dependencies; 
0370 FIG. 73 is a drawing illustrating visual represen 
tation of finish to finish relationships by border color of 3D 
model; 
0371 FIG. 74 is a pseudocolor map; 
0372 FIG. 75 is a drawing illustrating a color scheme for 
the types of 3D models; 
0373 FIG. 76 is a drawing illustrating a representation of 
the work Sequence for the construction of the Allamilo 
Bridge; 

0374 FIG. 77 is a drawing illustrating concurrent rep 
resentation of information on a 3D model; 

0375 FIG. 78 is a drawing illustrating visual represen 
tation of activity float; 
0376 FIG. 79 is a drawing illustrating visual represen 
tation of cost distribution; 

0377 FIG.80 is a typical interface of Gantt (Bar) Chart; 
0378 FIG. 81 is a drawing illustrating visual represen 
tation of progreSS in building construction of Steel frame 
Structure, 

0379 FIG. 82 is a drawing illustrating user-defined col 
umn concrete work direction; 

0380 FIG. 83 is a drawing illustrating user-defined “Slab 
concrete' work direction; 
0381 FIG. 84 is a drawing illustrating visual represen 
tation of percent of completion by ghost image; 

0382 FIG. 85 is a drawing illustrating a linear color 
Scheme of performance index; 
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0383 FIG. 86 is a drawing illustrating a quadrangle color 
Scheme of performance index; 
0384 FIG. 87 is a drawing illustrating visual represen 
tation of performance index; 
0385 FIG. 88 is a drawing illustrating visual represen 
tation of performance on bridge, 
0386 FIG. 89 is a drawing illustrating visual represen 
tation of performance indeX for project; 
0387 FIG. 90 is a drawing illustrating visual represen 
tation of overall performance on bridge; 

0388 FIG. 91 is a drawing illustrating variables of 
Deviation; 

0389 FIG. 92 is a drawing illustrating concurrent rep 
resentations of deviation-related information on a 3D model; 

0390 FIG. 93 is a drawing illustrating a color scheme for 
types of causes, 
0391 FIG. 9495 is a drawing illustrating Superimposi 
tion of the clone models; 

0392 FIG. 95 is a drawing illustrating examples of data 
Sets where 3D objects can be simultaneously applied; 

0393 FIG. 96 is a drawing illustrating an example of five 
types of information expressed in the 3D model at once; 

0394 FIG. 97 is a drawing illustrating multi-dimensional 
representation of multi-variable information; 

0395 FIG. 98 is a graph for consistent use of color; 
0396 FIGS. 99A and 99B are examples of dashboard 
interfaces, 

0397 FIG. 100 is a graphical user interface of Project 
Dashboard; 

0398 FIG. 101 is a drawing illustrating an example of 
time control Slider; 

0399 FIG. 102 is a drawing illustrating how to select 
Visual representation of performance by controlling of actual 
and time ranger Sliders, 
0400 FIG. 103 is a drawing illustrating an output image 
corresponding to visual representation of Sequence by time 
range slider and actual time slider FIG. 104 is a drawing 
illustrating opacity control sliders, navigators, and level of 
detail control buttons of Project Dashboard; 
04.01 FIG. 105 is a drawing illustrating a data selector of 
Project Dashboard; 

0402 FIG. 106 is a drawing illustrating Information 
Panes of Project Dashboard; and 

0403) 
proceSS. 

FIG. 107 is a drawing illustrating prototyping 

DETAILED DESCRIPTION OF THE 
INVENTION 

04.04 The present invention will now be described more 
fully with reference to the accompanying drawings, in which 
preferred embodiments of the invention are shown. 
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04.05 A. Abstract Representation of Project Management 
System 

0406 A-1. The Pollalis System 
0407. The Pollalis system was invented by Professor 
Spiro N. Pollalis at Harvard University in 1993. This bar 
chart based System can show far more information with 
analytical representation than can be shown on the tradi 
tional Gantt chart. The distinct features of the Pollalis 
System can be Summarized as: 

0408 Qualitative representation of quantitative infor 
mation by “quantitative bar' 

04.09 Visual comparison by “superimposition” and 
“ghost images of quantitative bars 

0410 
chart 

Integrated representation of the matrix-balanced 

0411 Qualitative Representation 
0412 Quantitative Bar 
0413. The quantitative bar explicitly presents resources, 
together with time durations, as part of the representation of 
each task. In one of the alternative displays, the area of the 
bars indicates the work of the corresponding task, while the 
intensity of the bars indicates the production per time unit. 
0414. The quantitative bar offers an easier and more 
intuitive view of integrated data on the additional dimen 
sions (see FIG. 19). Such an integrated representation of 
Schedule information and quantitative information not only 
provides multiple points of View of the project, but also 
presents its qualitative value. ASSuming the same amount of 
time is required for completion, the Visual expressions of 
two tasks requiring different quantities of resources are 
expressed as identical tasks in the Gantt chart, which is able 
to display only time value (duration). In the Pollalis system 
the qualitative value of each task is clearly displayed based 
on the quantities of resources displayed on the quantitative 
bar. 

0415. Alternative Display 
0416) Thanks to an integrated expression of activity 
duration and intensity of resource requirements/usage, the 
interaction between the two can be expressed. The alterna 
tive displays of quantity indicate (Pollalis 1993): 
0417. The work of task; 
0418 Resources used or required; 

0419 *The cost of each resource; or 

0420) The total cost of the task. 
0421) If the quantity is constant, then there is a specific 
relation between the intensity and the duration of the task. 
FIG. 20 shows that the same task could be planned in 
Several intensities and durations. 

0422 However, the quantity of resources used in a task 
depends on its duration. A very short or a very long duration 
may be inefficient and could lead to an increased resource 
cost for the same task. Thus, quantified bars that correspond 
to alternative planning Scenarios for the Same task may not 
have the same area. 



US 2006/0044307 A1 

0423 If this non-symmetrical relationship could be 
expressed automatically in the System, it would contribute 
enormously to planning by providing qualitative alternatives 
(See FIG. 21). 
0424 Visual Comparison 
0425 Superimposition (Mate Quantified Bars) 
0426 By Superimposing the two quantified bars with 
different colors, or hatching, the planned versus the actual 
displays of the quantified bars can be shown in FIG. 22. If 
the execution of the task is different from the way it was 
planned, the two quantified bars will have a different shape. 
Also, changes are performed on the quantified chart itself 
and the various implications of those changes are immedi 
ately seen on the display. The activity in FIG. 22 explicitly 
shows that although planning envisaged eight person power 
days (two person power/daily for four days), the fact that a 
fewer day was available meant that extra manpower (one 
person) had to be provided to prevent a schedule delay and 
to meet the finish date, resulting in a cost overrun. A visual 
comparison of the planning versus the actual quantified bars 
shows the delay in the completion of the project and the 
cause is visually identifiable. 
0427. The Superimposition of bars can also be very 
helpful for scheduling. When the time and cost relationship, 
as Seen in FIG. 22, is shown automatically, time and cost 
trade-offs through alternative Schedules can be easily com 
pared, allowing for more effective planning. FIG.22 shows 
immediately that it is more economical to implement the 
Schedule for four days instead of three days due to one 
perSon power Saving. 

0428 Ghost 
0429 Users can get a bird's eye view of each of the tasks 
through mate bars and the comparison of changes in Sched 
ule, Structure or organization caused by rearranging infor 
mation through a ghost image. FIG. 23 shows the quantified 
bars in their new position, while their original positions are 
indicated by ghost images. 

0430 Vertical arrows connect the ghost images with the 
final position, to indicate the procedure or history. This 
flexible rearrangement allows the user to study the Sched 
uling of the tasks according to location, Sequence, resource, 
criticality, etc. As a powerful visual cue, ghost images can 
express the following information: 

0431. The user can make visual comparisons by study 
ing the Schedule from different angles, according to 
changes in position made by rearranging the informa 
tion. 

0432. The history of modifications for a project is 
Visually expressed, allowing users to predict or influ 
ence future impact by comparing it with other consid 
ered plans. 

0433) Physical Context of Construction 

0434) Matrix-Balanced Chart 
0435 The matrix-balanced chart is a two-dimensional 
representation of multi-dimensional information about 
taskS: their magnitude, resources, cost, location and time of 
execution. 
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0436 A task that is repeated at different physical loca 
tions during a project but requires similar resources, is a 
repeating task. A repeating task may also occur at the same 
location at different time intervals or for different projects 
(See FIG. 24). By definition, the vertical axis of a matrix 
balanced chart indicates location. Location will mean either 
physical location at the project Site or a specific time interval 
(Pollalis 1993). 
0437. The Pollalis system displays the additional dimen 
Sion of location through the location-Specific layout of 
quantitative bars. All the tasks at the same location are 
displayed on the same horizontal Zone within the chart, 
corresponding to the location-specific quantified chart. Each 
location-specific quantified chart indicates tasks of different 
constituencies, identifiable by different visual attributes, 
Such as hatching, color or text. A reversal of order between 
constituency and location along the vertical axis can produce 
a useful chart, after the balancing of the matrix chart (See 
FIG. 25). 
0438. The Pollalis system provides a sense of physical 
location through the position of each bar. For a construction 
project, Spatial context expression is vital. This is because 
the Specific location of the job Site where an actual task is 
implemented is the most important cause of differences in 
dependencies, constraints, and costs in terms of Scheduling. 
The actual cost may vary greatly depending on the required 
equipment, manpower, and delivery frequency. FIG. 26 
shows arrangement of quantitative bars by physical loca 
tions. 

0439 A-2 The Phase (X) 
0440. As a similar example of visualization, the Phase 
(X) was developed as a collaborative design environment in 
an elective design course of the Department of Architecture 
at the Swiss Federal Institute of Technology, Zurich (See 
FIG. 27). Phase (X) is a web-based system which visualizes 
Students Studio activities and collective authorship, 
designed to allow Students to post and share design assign 
ments throughout the course. Its features are as follows: 

0441 Students studio activities and collective author 
ship 

0442 Multi-user environment 
0443 Alternative representation of multi-data vari 
ables in the same Visual representation 

0444 (Hirschberg 2001, 41-47) 
0445. With a multi-user environment, each color repre 
Sents one author, and one rectangular bar or a hexahedron in 
three dimensions, expresses one completed work. The 
length, width, and height of the rectangle (or hexahedron) 
express the information established by the user. The data 
variables display the user's genealogy, phase, children, 
rating, and memos. 
0446 FIG. 27 is the two-dimensional version of Phase 
(X), where the layout expresses time through the horizontal 
line along the X-axis, and the y-axis is divided into three 
Zones, with rectangles allocated according to the relative 
time spent completing the work. The Pollalis System, as in 
FIGS. 25 and 26 also organizes construction work using 
physical location, and allows rearrangement by user defini 
tion. Alternative representation of multi-data variables using 
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Such a customizable layout provides a consistent graphical 
representation through uniform visual attributes, while 
offering users powerful analytical capabilities. FIG. 28 is a 
perspective views of Phase (x) (Hirschberg 2001) 

0447 The Pollalis system and Phase (X) both use uni 
form visual attributes to express diverse information. Where 
change has occurred, the former expresses it through ghost 
ing and the latter through line connection, offering a flexible 
and intuitive user interface for reviewing history or change. 
The 2-dimensional rectangle of the Polalis system provides 
one less information dimension than the 3-dimensional 
hexahedron of Phase (X). In the following chapter, addi 
tional information on integrating methods based on the 
Pollalis System will be discussed by presenting the prototype 
development of a new three-dimensional Gantt chart. 

0448 A-3 Multi-Dimensional Visualization of Project 
Control Data 

0449 Multi-dimensional visualization of project control 
data was introduced by Anthony Songer and Benjamin HayS 
in 2003. Songer and Hays Summarize the benefits of efficient 
Visualization as the following: 

0450 Compact representation of large amounts of 
complex data 

0451 Intuitive overview 

0452 Reduced information search time and effort 
0453 Proactive management environment 

0454 Greater accuracy of information 
0455 Amplified cognition of quantitative data 

0456 Simplified process of visual representation 

(0457) Reduced time and effort for understanding infor 
mation 

0458 (Songer and Hays 2003, 2) 
0459. With these benefits in mind, Songer and Hays set 
out to investigate an underlying visualization theory and to 
develop a visual framework for applying budget and cost 
control information. Data is the raw material for building 
communication; when it is transformed to reveal relation 
ships and patterns (the context), it becomes information. 
0460 The issue of budgeting or cost control represents 
one of many data-rich, information-poor problems that exist 
in construction controls (Songer and Hays 2003). Numeri 
cally rich construction problems exist, but value added, 
Visually communicated information is lacking. Budget and 
cost information is mostly expressed through numerical 
representation using tables (or spreadsheets) consisting of 
columns and rows. Such number line-up methods accurately 
represent data in precise numbers, however they are unable 
to express large amounts of complex data compactly and 
intuitively in a unique context. Information should be appro 
priately transmitted with a level of detail and Visual repre 
Sentation that meets the Specific needs of the audience. The 
current uniform representation of budget and cost data has 
failed to function as an effective information delivery 
vehicle. 
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0461 Tree Map 

0462 FIG. 29 shows existing visualization methods: a 
Scatter plot, linked histogram, hierarchical tree, and tree map 
layouts. Unlike most two-dimensional data representation 
methods, the tree map, which has graphical variables Such as 
the Size and position of rectangles, is not only useful for 
representing hierarchical data, but also allows density and an 
intuitive representation of both hierarchy and budget. Infor 
mation visualization using a hierarchical tree map is used in 
many industries as a methodology that can make the most 
efficient use of limited Screen Space for complex data. 

0463 Fekete and Plaisant (2002) used the tree map to 
express a million items on a 1600x1200 display. The size of 
each rectangle expresses the relative file size, color repre 
Sents file type, and the degree of shade represents the depth 
of nested directories (See FIG. 30). The graphical pattern 
produced by file size, type and Shade provides users with an 
intuitive overview of as many as a million files, an impos 
sible task for the index style currently used. FIG. 30 shows 
an Interactive Information Visualization of a Million Items. 

0464 FIG. 31 is another example of visualization using 
the tree map. It is a web-based tree map, developed by 
Martin Wattenberg of IBM Research and is used widely 
today, which shows changes in the Stock market every 
fifteen minutes in real time. The display shows approxi 
mately 600 publicly traded companies grouped by Sector and 
industry. Each colored rectangle in the map represents an 
individual company. The rectangle's size reflects the com 
pany's market cap and the color shows price performance. 
(Green means the Stock price is up; red means its down. 
Dark colors are neutral). Within each industry the layout is 
designed So that neighboring companies have historically 
similar stock price movements (Wattenberg 1998). 
0465. The rectangles representing each company are laid 
out according to the industry category they belong to, while 
macro market trends, as well as micro performance for each 
individual company. AS an additional feature, Sets of color 
Schemes are provided for the colorblind, using the blue/ 
yellow color Scheme instead of the red/green for a clearer 
VeW. 

0466 Multi-Dimensional Visualization of Project Con 
trol Data: 

0467 Large branches in the hierarchy are given large 
areas displaying the budget size. A color Scale is used to 
show the cost indeX information. The degree of Shading for 
each rectangle displays the completion percentage of each 
pay item. Thus, pay items with an aggregated completeneSS 
of 50 percent are shaded 50 percent. For quantity overrun 
items, black Shading begins from the center of the rectangle 
out. Dark Shading provides a powerful indicator for all 
quantity-overrun items. FIG. 32 is a tree map representation 
of the pay item level of monthly cost report. 

0468 Table 10 compares the three different systems and 
displays their common features. The size of the Square 
shows the quantitative value of information, while color 
variations express the quantitative value of performance, 
which is primary information. Secondary information 
expresses quantitative value by changes in Shade or tone, 
providing complimentary color variation. 
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TABLE 10 

Visualization Multidimensional 
Visual of a Million Map of visualization of project 
Attributes Items stock market control data 

Size of File size The company's Budget size 
Square market cap 
Color File type Price performance Cost performance 

index 
Color scale Depth of nested Value of price % of completion 
(tone) directories performance 
Degree of NA NA Percent complete of 
shade pay items 
Degree of NA NA Quantity overrun items 
black shade 
Position of 
Square 

File categories Grouping by 
sector and 
industry 

Grouping by cost 
Structure 

0469 Representation of budget and cost information 
using tree maps is useful as the first Stage in providing 
information to an audience. By visually expressing plan 
(budget size), actual condition (percent complete of pay 
items), and analyzed information (cost performance index) 
together, it offers a holistic overview which can not be 
provided by conventional methods Such as spreadsheets or 
Simple tree maps. 
0470 Graphical representation of budget size provides an 
intuitive overview of the relative size of problems and the 
presence of overruns, as well as project context. Shading 
with respect to unanswered RFIS or procurement delays in 
one diagram could reveal reasons why the Schedule or cost 
indeX is a particular shade in another diagram. A colored cost 
indeX and its shading provides comparative answers to cost 
issues for currently active work items (Songer and Hays 
2001). 
0471 A-4 Three-Dimensional Gantt Chart 
0472. The 3D Gantt was developed in the early stages of 
this research as an implementation of abstract visualization 
for scheduling information. FIG.33 shows transformations 
of bar chart-based Scheduling techniques. 
0473] Each unit of the three-dimensional cylinder repre 
Sents project duration (e.g., day, week, month, etc.) and the 
Surface of the Outer cylinder is occupied by the bar chart, 
with its height representing labor. In other words, the Surface 
of the outer cylinder is the same as the Pollalis system. Due 
to its three-dimensional Visualization, each bar's depth rep 
resents level of accomplishment. As a result, if the Schedule 
is delayed the task bar pops out and creates an uneven 
Surface for the given unit. The user can intuitively read the 
project condition by the degree of shape distortion. A 
schedule delay would be automatically manifested by dis 
tortion of the cylinder, and the user can “take apart the 
cylinder and troubleshoot the task represented by the dis 
torted unit. FIG. 34 shows an example of scheduling system 
(VRML Model). 
0474 A-5 Three-Dimensional Critical Path Method 
0475 3D CPM was also developed as part of this 
research for evaluating the efficiency of the abstract repre 
Sentation of Scheduling information based on the critical 
path method. 3D CPM represents not only construction logic 
but also the line of balance on behalf of a three-dimensional 
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interface (See FIG. 35). The top view shows activity paths 
such as a typical CPM diagram; while the “line of balance.” 
which represents repetitive activities on different locations, 
is presented from the side view. FIG. 35 is a 3D CPM 
diagram. 
0476 Activity: 
0477 Task information is applied to the 3D graphical 
object and combined with resources (e.g., manpower) So that 
the user can easily compare resource allocation with actual 
need. Each activity is represented as a cylindrical object 
divided into four pieces, with two different colors by two 
axes. The length of each cylinder represents duration, while 
the diameter, by two different axes, shows allocated man 
power and actual workload (See FIG.36). For example, any 
activity requires a different amount of effort every minute, 
even though constant labor is allocated. By the graphical 
combination of these two elements, the user can immedi 
ately recognize over- or under-allocated labor, and make 
changes. The user also has the option of replacing manpower 
with a different resource and workload with its actual usage 
interactively. 
0478 Activity Relationship: 
0479. Typical CPM indicates many important scheduling 
factorS Such as the critical path and float of activities, but it 
cannot concisely show repetitive activities in linear Sched 
uling. Three-dimensional CPM can present both CPM and 
balance in a Single interface with intuitive graphical ele 
ments, as shown on FIG. 36. In the top view, the critical path 
is easily identified while the repetitive activities are shown 
in the side view. 

0480 Time & Duration: 
0481 Actual time is represented by a translucent screen 
moving through the objects, while actual progression is 
shown by the other Screen. Overall progression can be 
intuitively recognized by the degree of distortion. 
0482 Drill Down: 
0483 Three-dimensional CPM can include explanatory 
text boxes, which appear as the viewer rolls over certain 
parts of the graphic. It can give interactive drill-down 
capability for Vertical information navigation by clicking on 
certain data items. 

0484) Delay & Impact: 
0485 Delayed activity is indicated by extending the 
length of the cylinder with a different color, and the impact 
upon other activities can be shown as the diameter and color 
of the line between two activity cylinders. 
0486 Exception & Warning: 
0487. Exception or warning can be represented by a 
flashing activity cylinder or network line. For instance, 
information displayed in flashing red may represent an 
exception or warning, while information in flashing yellow 
may alert the user that the information needs to be recalcu 
lated. FIG. 36 is a visual representation of activity with 
manpower & work load (VRML Model). 
0488 A-6 Comparison of Visual Analogy 
0489 Table 11 shows visual attributes and representa 
tions of data in 2-dimensional systems. And Table 12 shows 
Visual attributes and representations of data in 3-dimensional 
Systems. 



US 2006/0044307 A1 

TABLE 11 
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System 

Treemap of Map of 
Visual project Stock 
Attribute Pollalis system control data Phase (x) Marker 

Size Quantity: time + resource Quantity Time (2D), Multiple Quantity 
(budget size)) criteria (3D) (market cap) 

Color N/A Performance Identity Performance 
(numerical (direction of 
value) price 

movement) 
Tone N/A % of N/A Performance 

completion (numerical 
value) 

Shade N/A Deviation N/A N/A 
(quantity 
overrun items) 

Texture Type of activities N/A N/A N/A 
Superimposition Comparison N/A N/A N/A 
Line connector History of N/A Inheritances N/A 

Change 
Layout Location by Grouping by Location by Grouping by 

multiple criteria cost structure multiple criteria sector and 
(e.g., by physical (e.g., by authors, by industry 
location, by types popularity) 
of activities) 

0490) 

TABLE 12 

System 

Visual Attribute 3D syllabus 3D Gantt 3D CPM 

Size Quantity (size of Quantity: time + Quantity: time + resource, 
contents resource, (dynamic (dynamic size 

size by completion by completion of activity) 
of activity) 

Color Type Status of activities Status of activities (in 
(of contents) (in progress, progress, completed, 

completed, etc) etc) 
Tone N/A N/A N/A 
Shade N/A N/A Completion 
Texture N/A N/A N/A 
Superimposition Double sides N/A Two quantitative sets of 

(comparison) information (planned and 
actual resource) 

Line connector Guidelines N/A Activity logics 
Layout By type By time By critical path 

(of contents) 

0491 B. 3D Building Model-Based Systems 
0492. There is a tendency to see a few spectacular devel 
opments as Solving a range of problems in construction. 
Virtual reality is one of these and, while its present mani 
festation is just another Stage in the development of Visual 
ization, its potential is for Simulating buildings in many 
ways, not just their appearance but their performance and 
the process of constructing them as well (Howard, R. (1998). 
Computing in Construction, Pioneer and the Future). 
0493 Recent developments in computer technology, 
Such as hardware performance, Software development and 
web-based collaboration tools, enable professionals to per 
form design and construction tasks much faster and more 
efficiently than ever before. However, these computer-based 

project Support Systems are not fully utilized. Information 
about a project is often Scattered in an uncontrolled and 
uncoordinated way, using different information Systems and 
media. During the design and construction process, a variety 
of data formats and applications are used by the project 
participants. The project participants use different kinds of 
Software packages Such as. The various Software packages 
used-word processing, spread sheets, cad-programs, and 
Scheduling and management methods-cover different Steps 
for different purposes in the project delivery. A common 
problem is that each System is an island unto itself and does 
not share linked information. To Solve the problem, numer 
ous research approaches to model-based Systems have been 
introduced. This chapter will discuss the accomplishments, 
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potential values, limitations, and development directions of 
research and development on 3D model-based Systems. So 
far. 

0494 B-1 Current Status 
0495 Chaaya and Jaafari (2001) state that computer 
aided design (CAD) systems are not being fully utilized in 
the AEC industry even though they are extremely powerful 
tools. The virtual product model so far has only been 
partially used for automation in the architect or engineers 
own narrow areas of specialization. The 3D model not only 
has value as a tool for design expression, but it is a central 
information platform that can gather, organize, record, and 
distribute various information on the Overall project, to the 
extent that it can Serve as a base for downstream processes 
towards the completion of the building (Tarandi 2003). 
0496 Despite the potential of 3D virtual building models, 
their use is extremely limited due to two main obstacles, one 
of which is incompatibility of data formats, and the other is 
heterogeneous visual representation. In an effort to over 
come Such barriers, research and development has been 
conducted in diverse fields, with Some Success. One example 
is a study conducted by the Building Information Model 
(BIM) founded on Industry Foundation Classes (IFC), and 
another is the development of the 4D CAD approach. Both 
approaches offer 3D product models as platforms for data 
eXchange and integration, but BIM is a design tool based on 
parametric CAD developed for the purpose of productivity 
enhancement, and 4D CAD was developed for evaluation of 
Scheduling and construction logic. 
0497. The IFC provides a cornerstone for data exchange 
between heterogeneous Systems by presenting a Standard for 
building data models. Below that foundation, parametric 
CAD systems like ArchiCAD, developed to provide an 
effective System as a design tool for architects, are expand 
ing their functional boundary as building information mod 
els to include data on material, Structure, and Schedule. 
Through design Support Systems as well as other various 
approaches like 4D CAD, a new paradigm is being created 
in project Support Systems, Such as constructability analysis 
capability, while a common virtual environment allows the 
designer, constructor, and client to collaborate with one 
another. This new paradigm of design and management 
Systems in the AEC industry has developed in a mutually 
complementary manner, and the most distinct results are 
three achievements in particular: 

0498 Building Information Model (BIM) 
0499 Parametric CAD 
0500 4D CAD 

0501) The Structure of three areas of the product model 
based system is shown in FIG. 37 
0502 B-2 Building Information System (BIM) 
0503. In construction project, the need exists for 
eXchange of increasingly complex information. During the 
1980s interest in a standardized exchange of 3D geometries 
and product structures increased. The International Alliance 
for Interoperability (IAI) was founded and introduced Indus 
try Foundation Classes (IFCs). According to the IAI the 
mission of the organization is: “To provide a universal basis 
for process improvement and information sharing in the 
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construction and facilities management industries, using 
Industry Foundation Classes (Tarandi 2003). “Class” 
describes a range of things with common characteristics. For 
instance, every door has the characteristics of opening to 
allow entry to a Space; every window has the characteristic 
of transparency So that it can be seen through. "Door” and 
“window' are names of classes. 

0504. The objectives for developing the Industry Foun 
dation Classes include: 

0505) defining by the AEC/FM industry 
0506 providing a foundation for the shared project 
model 

0507 Specifying classes of things in an agreed-upon 
manner that enables the development of a common 
language for construction 

0508 Currently, various commercial software tools for 
the AEC industry (such as Autodesk's Architectural Desk 
top, Graphisoft's ArchiCAD, Microsoft's Visio and Time 
berline's Precision Estimator) are beginning to implement 
IFC file exchange capabilities (Froese 2003). Project infor 
mation in a number of diverse systems, based on IFC 
Standards, can be accessed concurrently by many users, or 
can enable transactional forms of data eXchange among 
project participants and applications. 

0509 FIG.38 shows a possible structure of information 
exchange among disciplines with the existing capability of 
computer-based Systems. In the design phase, the designer 
develops a product model using CAD and 3D modeling 
tools. This data is handed over to the Structural engineer for 
designing the building Structure and to manufacturers for 
producing building materials. Meanwhile, a contractor uses 
this design data to calculate cost and Schedule manually. A 
Scheduler in the organization develops a project Schedule 
based on design data after a detailed construction drawing 
has been completed. In this situation, data transfer between 
the architect and engineer is digitally feasible because they 
use the same kind of Visual platform and data format. 
Nevertheless, it is impossible to exchange design informa 
tion and Scheduling or cost information. The reasons are 
first, because the information Structures are different, and 
Second, because their visual platforms are different. 
0510 B-3 Parametric CAD System 
0511 A parametric CAD system stores all the informa 
tion about a building in a central database. Changes made in 
one view are updated in all others, including floor plans, 
Sections/elevations, 3D models and bills of material. A 
central database of 3D model data contains not only building 
geometric data but also drawing Sets, construction detail, 
bills of material, window/door/finish Schedules, renderings, 
and animations. And these Sets of linked building informa 
tion are interactively Stored, extracted, and controlled. This 
concurrent work makes the management of the project 
easier. The benefits of a central information repository for a 
project are numerous and Substantial for all project partici 
pants (Holtz, Orr et al. 2003). 
0512 FIG. 39 is an example of ArchiCAD's user inter 
face. When building elements are produced or modified 
either on a 2D-based floor plan or in a 3D model view, all 
data Sets automatically and Simultaneously reflect this. If a 
window was produced on a 2D floor plan, a realistic model 
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of the window as well as relevant Specifications is Simulta 
neously produced on the 3D model view. The material, 
Structure, cost, and typical Schedule of the window itself is 
produced, and with the creation of a window, the quantity 
and cost of wall materials where the window is to be 
installed is automatically reduced. 
0513 B-44D CAD 
0514. If the parametric CAD system is considered a 
designer-oriented System, then the 4D CAD is a constructor 
oriented System, developed for the main purpose of detect 
ing Space and time conflicts and understanding construction 
logistics. Four-dimensional CAD was developed by CIFE 
(Center for Integrated Facility Engineering) at Stanford 
University. It Visually deliverS Sequence of a building con 
struction by animated 3D product model corresponded to the 
Schedule and construction Sequence. Four-dimensional CAD 
(3D plus time) technology allows designers and builders to 
represent their view of the project in one common and 
Sharable model. Currently, various commercial applications 
are being used in the construction industry. Four-dimen 
Sional CAD is also already being broadly applied in other 
fields of research, Such as geodynamic or Seismic visualiza 
tion, etc. 
0515 System Description 
0516. In order to visualize in 4D, a 3D CAD tool (e.g., 
AutoCAD, Microstation, or Jacobus 3D, etc), a project 
scheduling tool (e.g., Primavera P3 or Microsoft Project), 
and a 4D Simulation tool that is capable of integrating both 
3D graphics and Schedules are necessary. For example, 
Bentley System's Schedule Simulator can create time-based 
4D Simulation through a process of combining product 
model produced by 3D CAD tools, such as Auto Cad and 
ArchiCAD, with schedule information produced by PM 
tools, such as Primavera P3 and MS Project, and then 
importing this to the Schedule Simulator to link both infor 
mation sets. FIG. 40 is a flow chart of 4-D CAD process. 

Activity 
Type Description 

Constructive Objects are not present at the 
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0517) Interface 

0518 FIG. 41 shows Bentley's Schedule Simulator as an 
example. The left-hand side of the screen shows a 3-D object 
list in hierarchical order and the right-hand Side shows 
Schedule information. A simple drag & drop can link both 
data Sets. A 4D component consists of one or more CAD 
components (copied from the CAD components window) 
that are linked to one or more activities from the Schedule. 

0519. The 3D model can be reorganized in any way 
necessary for Schedule Visualization. 

0520 Visual Variables 

0521) Color 
0522 The color of the objects plays a roll in indicating 
critical information based on Systems. In the case of Com 
monPoint's Project 4D (See FIG. 42) and Bentley’s Sched 
ule Simulator the user can easily recognize the Status by 
assigning Same colors to both objects and Schedules of the 
activities. 

0523. In Schedule Simulator, a user can assign colors to 
model objects to Show that a simulation activity is in 
progress, to denote the amount of progreSS toward the 
completion of the activity, or to distinguish between critical 
activities and non-critical activities (Bentley 2001). FIG. 43 
shows a color Select pane. 

0524) Blend 
0525) An object color can be blended by several user 
defined Steps to represent the progreSS of the linked activi 
ties. The number of steps and the start and end colors for the 
critical and non-critical activities from the color palette can 
be selected and the colors for each Step activity can be 
blended or computed by the system. Table 13 is a Bentley 
Schedule Simulator user guide 2-7. 

TABLE 13 

Object 
Object Display Object Display Display 
Before Activity During Activity After Activity 

Not Visible In-Progress Native Color 
start of the simulation, then are Color; 
constructed during the activity, 
and then remain on the site 

Destructive Objects are present at the start 

Critical or 
Non-Critical 
In-Progress Native Color Not Visible 

of the simulation, are Color; 
demolished, and then removed 
from the site during the activity 

Permanent Objects are present at the start 

Critical or 
Non-Critical 
In-Progress Native Color Native Color 

of the simulation, then work is Color; 
performed on or with them 
during the activity, and then they 
remain on the site 

Temporary Objects are not present at the 

Critical or 
Non-Critical 

Not Visible In-Progress Not Visible 
start of the simulation, then work Color; 
is performed on or with them 
during the activity, and then they 

Critical or 
Non-Critical 

are removed from the site 
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0526 Functionality 
0527 Schedule Status and Comparison 
0528. In Common Point Project 4D, the user can select a 
window, which compares the plan to the actual Status, as 
seen in FIG. 44. The first display shows both images on the 
one screen. The next two show the results of two different 
the schedule alternatives. FIG. 44 shows examples of user 
interfaces of 4D CAD system. 
0529). Hierarchical Data Structure 
0530. The 4D Components window shows the 4D com 
ponents organized hierarchically. A 4D component is one or 
more CAD components (copied from the CAD components 
window) that is linked to one or more activities from the 
Schedule. The 3D model can be reorganized in any way 
necessary for schedule visualization. FIG. 45 is an example 
of 4D component pane. Meanwhile, 4D Software & Service 
Providers are set forth in Table 14. 

TABLE 1.4 

Company Software Website 

Common Point Project 4D http://www.commonpointinc.com 
Bentley Schedule http://www.bentley.com/products/ 
Systems Simulator simulatorf 
VirtualSTEP 4D Builder http://www.virtualstep.com/4dbuilder/ 

4dbuilder.htm 
BALFOUR fourDscape http://www.bal4.com/ 
technologies 
Visual The Visual http://www.visual-engineering.com/ 
Engineering Project EMISScheduling.html 

Scheduler 

0531) Evolution 
0532 Early 4D CAD only progressed as far as displaying 
construction Sequence through the manual integration of a 
3D model and schedule. However, it has recently expanded 
its usefulneSS and diversified its functions through research 
and development. Examples of this include the automatic 
detection of Space-time conflicts as proposed by Akinci and 
Fischer (2000), and Cuo's (2002) research on path planning. 
0533. Detection of Space-Time Conflict 
0534 Akinci and Fischer (2000) proposed the 4D Work 
Planner, a prototype System, as the framework for a System 
that can automatically detect time-space conflicts due to 
dynamic changes in Space requirements on the construction 
Site. This prototype consisted first of a module for automat 
ing the generation of project-specific activity Space require 
ment and Secondly, a module for categorization through the 
formulation of analysis of time-Space conflicts. 

0535 4D WorkPlanner Space Generator 
0536. In this study, space was categorized into four 
types: labor crew Space, equipment space, hazard 
Space, and protected Space. In the Spaces defined by 
these categories, conflicts are automatically detected 
according to changes in Space requirements based on 
the Schedule. 

0537) 4D WorkPlanner Time-Space Conflict Analyzer 

0538 In order to appropriately manage different types 
of detected conflicts, they must be categorized and 
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ranked according to the types of problems. In this 
module, the types of conflicts are defined and catego 
rized by the types of Spaces conflicting and the conflict 
ratioS for each conflicting Space. 

0539) Path Planning 

0540 Cuo (2002) stated that space management involves 
three primary aspects-Site layout planning, path planning, 
and Space Scheduling. He argued that a minimum traveling 
distance or cost applies only to a transportation optimiza 
tion, and not directly to the optimization of the work itself, 
nor the shortest working period. Efficient Space Scheduling 
comes from combining all working elements (worker, equip 
ment, material, path, temporary facilities, and physical lay 
outs) and Subjecting them to the variations in time frames or 
Schedules, and thus eliminating or minimizing Space con 
flicts among these working elements. 

0541 FIG. 46 shows the concept of identifying space 
conflicts by time. By Overlaying Space requirements for each 
dynamic activity according to when it takes place, one can 
Visually detect the conflicts quite easily. For various activi 
ties, different colors are applied for identification within 
CAD. FIG. 47 displays the different patterns for the various 
Spaces, Such as Working, Storage, Waste, or Setup Space. 
Based on the different colors and patterns on the CAD 
drawing, the Space user can be identified easily (Cuo 2002). 
0542 Challenge 

0543 Four-dimensional CAD enables project partici 
pants and clients, regardless of their level of construction 
knowledge, to understand Spatial constraints and explore 
design and construction alternatives before construction 
Starts. It creates Synergies between the knowledge and 
experience of the designers and the constructors. The 4D 
CAD modeling approach might be able to detect Some 
Scheduling error in the construction of a building (Griffis and 
Sturts 2000). However, current 4D CAD systems are not 
able to cope with the rapid changing of information char 
acteristic of construction sites (Barrett 2000). Therefore, 
Griffis and Sturts (2000) discussed the desperate need for 
developing a 4D CAD system for schedule evaluation and 
control that reflects construction's dynamic conditions and 
performance. O'Brien (2000) proposes 5D CAD, asserting 
the need for a new model-based System that can, by using an 
additional dimension, express the complex interactions 
among cost, resource, and Schedule, or cost and resource 
performance. Barret (2000) emphasizes the need for “nD 
CAD” that can be applied flexibly to project performance, 
since the current 4D CAD become useless when there is a 
change of information during construction. However, no 
Study on 3D model-based Systems has yet proposed a clear 
Solution. 

0544 B-53-Dimensional Model as an Information Plat 
form 

0545. The value of building 3D model, as an information 
platform, can be Summarized as follows. It provides: 

0546) 

0547 

0548) 

realistic visual expression 

a consistent visual platform 

a common language 



US 2006/0044307 A1 

0549 Realistic Expression 
0550 One of the distinct characteristics of the construc 
tion industry is the uniqueness of each constructed facility. 
Products are built by performing numerous construction 
operations that involve complex interactions between mul 
tiple pieces of equipment, labor trades, and materials (Kamat 
and Martinez 2001). Also, spatial constraints are different 
for every project, and greatly influence the construction 
method, Sequence, and logic. 

0551 A building 3D model can express more complex 
ideas without increasing the risks of construction mistakes. 
Better quality of decisions when the Stakeholders are 
reviewing a model, as the representation of the project leads 
to lower lifecycle costs. ASSessments about the order of 
construction, Site Safety, and location of the temporary Site 
facilities can be explicitly represented by the building 3D 
model (Aspin, DaDalto et al. 2001). 
0552 Common Language 
0553 IT systems currently used in the industry are stand 
alone, point-to-point applications dealing with parts of the 
internal operations of participants in the process (Aspin, 
DaDalto et al. 2001). Most construction projects involve a 
large number of participants-owner representatives, consult 
ants, builders, trades, and more. Each party is issued Sets of 
documents-which must be tracked and coordinated. Changes 
made by each must be assimilated back into the master Set 
of documents (Holtz, Orr et al. 2003). These systems are 
optimized to enable professionals in each area to operate 
effectively; however, they lack a common language in which 
all project participants can communicate. A 3D model, as an 
integrated communications infrastructure, will allow 
improve co-ordination and communication among the dif 
ferent project partners and Stakeholders around a visual, and 
thus intuitive, 3D shared conceptual model of the planned 
construction (Aspin, DaDalto et al. 2001). 
0554 FIG. 48 displays a case when 3D models become 
the platform for all project information. Through this com 
mon information platform, design, technology, manage 
ment, and communication can be integrated into a single 
model-based System, and within each System, there are 
functional units made up of modules: Schedule module, 
accounting module, communication module, etc. This 
allows each professional to use the module pertaining to 
their own responsibility, and to retrieve information from 
other modules whenever necessary. The information pro 
duced by each professional is automatically organized and 
Stored in a central data repository. If Such a model-based 
System were possible, it would have the following advan 
tages: 

0555 Without having to learn each method of expres 
Sion, the client, architect, engineer, contractor, Vendor, 
etc could compare and understand data and information 
produced by other entities on a Single and common 
Visual platform. 

0556 Trandi (2003) states that bills of quantity, space, 
time and cost are Some examples of what the construc 
tion Sector wishes to exchange as well as drawings and 
3D models of the building itself. Going beyond these 
demands, by enabling all project participants to work 
Simultaneously within a single System, real time col 
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laboration becomes possible, and data import and 
export among different Systems becomes unnecessary. 

0557. In addition, instant feedback and evaluation can 
be sent among the various parties, minimizing the time 
and effort required to process a change or a request. 

0558 Since a single data change is automatically 
reflected in all relevant data, it minimizes redundancy 
of work by various entities. 

0559) The information input or modification by each 
entity is accurately Stored in a Single database, provid 
ing basis data for dispute resolution Since the person 
responsible can be clearly identified. 

0560 Consistent Information Platform 
0561 IAI (International Alliance for Interoparability) 
reported that 50-85 percent of all construction problems are 
caused by missing, bad, or uncoordinated information. The 
Virtual building Serves as the basis for design, planning, 
construction, project management, and facility management, 
providing a vehicle for moving Seamlessly from one phase 
of a project to the next (Holtz, Orr et al. 2003). Since more 
than 70 percent of the total lifecycle cost of a building is 
incurred after it is handed over to the owner, the product 
model can Serve facility management in the period following 
construction (Holtz, Orr et al. 2003). Building 3D models 
Starting from the design Stage do not become an as-build 
model at once, but are refined and changed in terms of 
design and construction method, logic, Schedule, resource, 
cost, etc. as the project progresses. By implementing appro 
priate procedures, the building information model can thus 
embody an audit trail for the project-an authoritative 
record of everything that happened, indexed by time (Holtz, 
Orr et al. 2003). 
0562) 
0563 Interviews were conducted with four professionals 
in different areas of the A/E/C industry, regarding the 
efficiency of the System currently used in each professional’s 
work. And feedback on the potential value of the 3D model 
based System for improving the work in each field through 
prototype presentation was also gathered. Only because 
there was a lot of overlapping feedback from the inter 
Viewees, those comments with greatest value from each 
professional's perspective are summarized in FIG. 49 
below. 

Interview: Value of 3D Model-Based System 

0564) Quantity takeoff & Estimation: Interview 01 
0565 Despite the effort that the architects expand pro 
ducing CAD drawings, the data cannot be transferred to the 
estimator's System. Hence, Stanley Kim, the cost estimator, 
manually estimates cost by reading the plotted hardcopy. He 
calculates the area by reading 2D drawings that he has 
Scanned from a quantity takeoff System, Such as OnScreen 
Takeoff then repeatedly inputs the data into a cost estimation 
System, Such as timberline. The Scheduler also produces the 
Schedules from 2D drawings. Through repetitive oral com 
munication between the Scheduler and estimator, a final 
document is drafted. The proceSS is usually repeated three 
times from Schematic estimation to detailed estimation 
reducing the contingency. Even an experienced estimator 
makes errors due to misunderstanding or information omis 
Sion in the process of reading 2D drawings. 
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0566. At Bovis Lendlease, cost estimation and schedules 
are performed in different departments, with cost broken 
down into the five areas of architecture, Structure, mechani 
cal, electrical, and plumbing, digitalized by Scanning the 2D 
hardcopy drawings. The Scanned images are then imported 
to Onscreen Takeoff (On Center Software. Inc. 2004) where 
the quantity takeoff is done by the cost estimator, using 
Timberline cost estimation software (Timberline, Inc. 2004). 
The estimated cost data for each component is integrated 
within Timberline. The CAD Integrator provided by Time 
berline software allows a direct quantity takeoff from CAD 
drawings, but this function is not in use. 
0567 The cost estimator, Stanley Kim, remarked that the 
cost engineer calculates quantities on each cost estimating 
item an average of three times for the quantity takeoff that 
uses hardcopy 2D drawings as an information Source. When 
using a 3D model based-parametric CAD System, the quan 
tity takeoff can be done automatically, minimizing construc 
tion problems caused by missing, misunderstood or unco 
ordinated information. 

0568 Scheduling: Interview 02 
0569 Minosca Alcantra, a scheduler and cost engineer 
from with over ten years of Scheduling experience, uses 
Primavera P3 as the main tool for scheduling, and express 
frustration at the limitations of using CPM and Gantt charts, 
Scheduling methods. 
0570 CPM and Gantt chart uses a work breakdown 
Structure to organize data into groups, Such as division, 
project phase, location, responsibility, team, and type of 
work. However, large-scale projects, with Virtually hundreds 
or thousands of activities, are fragmented into many Sepa 
rated pages, making it difficult to See the Schedule as a 
whole. Also, many Steps are required to find Specific data, 
and it is difficult to identify data location. Minosca States, 
“Nobody in the office can use and understand the scheduling 
System unless I am there.' Except for a constant user with 
ample knowledge of Scheduling Systems, the abstract 
expression of the code and text based information is too 
difficult for anyone to use. In addition to obscurely preserved 
information, the required functions for a Scheduler are visual 
classification by different requests, Such as by work type, 
Structure, or areas of construction. In the highway construc 
tion project depicted in FIG. 50, five columns support the 
highway, but each column is very distinct in terms of 
construction Schedule and cost due to topographical differ 
ences. With the current system, it is impossible to visually 
distinguish Such differences. Identification of Such nuances 
is fundamental for continuous tracking of complex links 
among task, resources, work type, and location. 
0571. A 3D model-based visual platform most useful for 
the Scheduler should be able to identify in advance Space and 
Schedule conflicts or Scheduling requirements through an 
accurate understanding of design and Spatial constraints in 
Scheduling. If a change is needed due to a Schedule delay 
during construction, Schedule alternatives can be tested 
using 3D Simulation to plan a more effective construction 
Sequence. 

0572 Project Control: Interview 03 
0573 Monitoring and Control Tool 
0574 Hanmi Parsons currently deploys Primavera P3 as 
a management System of the job Site. Despite its many 
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Sophisticated functions, the System is primarily used for 
producing bar chart and CPM without integrating costs and 
resources due to the following reasons: 

0575 insufficient manpower to collect and manage the 
fragmented information it produces 

0576 manager's lack of understanding for the different 
control methods of time, cost, resource, and perfor 

CC 

0577 
0578 Thus, in reality, the system is mainly used not for 
project evaluation and forecasting but for documentation. 

the complexity of the System 

0579 Progress Measurement 
0580. The existing methods of measuring process are 
quite vague and non-Systematic. ProgreSS measurement, is 
usually based upon the consumption rate of resources. This 
approach might result in Serious Scheduling fiasco if a field 
manager makes the wrong decision. 
0581. As an example, in FIG. 51, “core” area in the floor 
requires a high proportion of concrete compared to other 
areas. Without a specific comparison analysis among the 
floor plan, evaluation, Section and resource and cost data, the 
wrong assumptions could be made as follows: 

0582 one third of total construction is finished when 
Zone C is completed 

0583 one third of the concrete is used when Zone C is 
completed by passing over the additional requirement 
of concrete for core area in Zone A 

0584). Due to inaccurate progress measurement, a project 
manager can commit faults of control as well. For example, 

0585 the Subcontractor might request or be paid more 
than the actual progreSS demands 

0586 over-usage of concrete in one specific area such 
as Zone A might cause a time delay; 

0587 overlooking of expected delay might bring the 
opportunity of establishing the early counterplan 

0588 Such mistakes do happen now and then. However, 
if the construction proceSS can be visualized in 3-D, Such 
mistakes could be eliminated and quicker and more precise 
decision could be made. 

0589 Resource Management 
0590 Current systems are rarely used for resource man 
agement because precise quantity estimates and System 
updates are almost impossible. Construction manager, Hyo 
Sung Kim States that it is very important to express visually 
the difference between cost and time derived from clear 
information delivery, construction methods for each Struc 
ture, and differences in raw material. For instance, in FIG. 
51, one third of the cost should not be paid to the concrete 
Subcontractor because he has completed Zone C. In addition, 
when only one third of the concrete remains, it is obvious 
that a shortage of concrete for the construction of Zone A 
will result. The 3D model-based system graphically 
expresses actual progreSS and performance, rather than pro 
Viding an abstract expression of information using numerical 
value, and thereby allows intuitive comparison with the 
actual Situation. 
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0591 Construction Logistics: Interview 04 
0592 Denis Leff, a project scheduler at Bovis Lendlease, 
Inc. and the perSon in charge of the 4D planner was the first 
to introduce and use 4D CAD in an actual project. Four 
dimensional visualization is done through the 4D CAD 
system and 3D studioMax of Common Point, which is the 
easiest to use. As a project presentation and marketing tool, 
it places the greatest value on helping clients or project 
teams without construction knowledge understand the 
project, and it is helpful for finding Schedule errors through 
Visualization of Space-time conflicts. However, product 
modeling as well as temporary installation or equipment 
must be modeled based on 2D architectural drawings, and 
the biggest issue pointed out is the fact that its use is limited 
in comparison to the time and effort needed for 4D visual 
ization. 

0593) Temporary Installation 
0594 Since temporary installation items like scaffolding 
or fencing are not displayed in architectural drawings, they 
may be omitted in cost estimation and Scheduling, and 
calculating the accurate quantity and expense using 
2D-based hard copy building drawing requires a lot of time 
and experience. AS for Site fence quantity, there may be large 
discrepancies depending on the actual form of the Site. Also, 
often a temporary installation needs to be dynamically 
moved during the course of a project, possibly generating 
Space-time conflicts. 
0595 Equipment 
0596 Construction equipment like the tower crane also 
does not appear in architectural drawings. For instance, 
Space requirements and costs differ depending on the crane 
type. Furthermore, Since work Space moves as time 
progresses, 3D visualization of the construction progreSS 
would be very helpful in such equipment planning. FIG. 52 
shows cranes by Site constraints. 
0597 Space-time conflicts can be identified using 4D 
CAD System, which also provides the advantage of being 
easily comprehended communication tool. However, its 
usage is limited, and it requires a great deal of time and effort 
for production. As a result, its functionality remains circum 
scribed. 

0598 C. Design Principles of 3D Model-Based Control 
System 

0599. Up to now, research in 3D model-based manage 
ment Systems has only been capable of providing visual 
detection for Space-Schedule Sequences and conflicts and 
assisting better communication through a pre-defined ani 
mation of construction logic and Sequence at the planning 
Stage. The key reason for this Stalled development is the lack 

Types 

Destructive 
components 
Permanent 
components 
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of a visual methodology for effectively integrating two 
different data Sets of Spatial and temporal information. 
Hereinafter, a methodology and design principle which 
integrates Spatial and temporal information will be intro 
duced. Firstly, visual attributes of 3D models, which can be 
used to represent information, are investigated. Secondly, 
types of information are defined along with methods of 
linking them to one another. Thirdly, design principles are 
presented using the control information for project manag 
CS. 

0600 C-1 Attributes of Design & Construction Informa 
tion 

0601. In the prevent invention, project information is 
classified into two categories: Spatial and temporal informa 
tion. Temporal information can then be divided into two 
Subcategories: plan and actual performance. FIG. 53 illus 
trates information availability through the project phases. 
0602 Architects create the design of a building, using 
2-dimensional drawings and 3-dimensional models as Spa 
tial information. Engineers in all fields produce drawings 
and Specifications for Structural, electrical, and plumbing, 
based on the Spatial information produced by the architect. 
From this information, the contractor develops a Schedule 
and work logic, using various Scheduling and accounting 
techniques. Design is expressed mainly using Spatial infor 
mation, process with temporal information, and cost is 
related to both temporal and spatial aspects of a project (Shih 
and Huang 2001). The representation of spatial and temporal 
information in a project is different and Separate, yet the 
relation between the design to be constructed and the 
process used to construct it is important (Shih and Huang 
2001). Thus, an integrated method, which has the ability to 
clearly express the relationship between Spatial and temporal 
information in a project, is required for project managers to 
make a quick and accurate decisions. 
0603 Types of Spatial Information 
0604 Spatial information, as presented on Table 15, can 
be categorized as four different types: 

0605) Items to be demolished for the construction of a 
building, which are still Visually expressed in architec 
tural drawings or models; 

0606 Building elements presented in drawings and 
models that must be constructed and will remain as part 
of the building; 

0607 Temporary components such as scaffolding or 
field offices temporarily installed for certain activities 
during building construction; 

0608 Equipment used for construction that can be moved 
to multiple locations, Such as cranes. 

TABLE 1.5 

Description Sub-Categories Example 

Construction elements destroyed Excavation 
for building construction 
The building parts remaining in the 
site after project completion. These 
are classified into five elements, 
depending on the type of item. 

Architectural 
elements 
Structural elements 
Mechanical 
elements 
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TABLE 15-continued 

Types Description Sub-Categories 

Electrical elements 
Plumbing elements 

Temporary Temporary installations needed for 
components constructing a building but not 

displayed in the drawing 
Construction Equipment or machinery occupying 
equipments various spaces included in building 

construction site 

0609 Types of Temporal Information 
0610. In the present invention, temporal information can 
be classified into four categories, Schedule, work logic, 
resource, and cost. This information is again Subdivided into 
two Subcategories. The first is planned information, which is 
produced at the initial Stage of a project and is refined and 
revised until project completion. The other is actual perfor 
mance information from the job Site, which is measured 
from the start of the construction. 

0611 AS can be seen in the flowchart of FIG. 54, project 
control evaluates the current Status by comparing planned 
performance to actual performance. The evaluated historical 
data then becomes the Standard for decision making and 
forecasting. 

0612 C-2 Levels of Integration of Spatiotemporal Infor 
mation 

0613 Shih and Huang (2001) describe the relations 
between Spatial and temporal information as evolving in 
four Stages. 
0614) (Shih and Huang 2001. 50-55) 

0.615 Level 01: the recording and presentation of 
Sequential changes of objects over time 

0616) Level 02: the cross analysis of spatial and tem 
poral information in the construction process 

0.617 Level 03: automatic analysis of spatial relation 
ships among construction activities 

eVe : graphical Simulation Of the dwinamic 0618) Level 04: graphical simulation of the dynami 
process of construction 

0619. Level 1 is the stage, where “Record and Play” of 
the changes in Spatial Status is possible, using animated 
versions of a product model. This is similar to the current 4D 
CAD system. Compared to the 4D CAD system, visualizing 
a temporal Sequence using 3D model changes is relatively 
time and effort consuming for the limited value of the 
outcome produced. Moreover, the System itself is quite rigid. 
Thus, the System cannot be used as a control System due to 
its inability to convey dynamic information during construc 
tion. 

0620 Level 2 enables automatic analysis through the 
partial integration of Spatiotemporal information, rather than 
the current conventional analysis method with which 
requires project managers to manually interpret both the 
construction schedule and drawings. Shih and Huang (2001) 
State that the integration of Spatiotemporal information may 
Support automatic analysis of the following situations: 
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Example 

Sca 
etc 

olding, 

Crane, etc 

0621 Concurrent changes in construction schedule 
and design 

0622 Current status of activities; active, completed, 
etc. 

0623 Occurrences in the construction process where 
there is more than one active activity in the same area 
at the same time 

0624 Depiction of work areas for activities that need 
to use the same kind of equipment 

0625 Estimation of the required quantity of materials 
in a given work area at a given time 

0626 Integration at this level requires a CAD model that 
incorporates a lot of information concerning construction 
time and cost, Such as material and quantities, in addition to 
geometric attributes, Such as location and shape. 
0627. In level 3, automatic analysis of interdependencies 
of construction activities is possible, according to the State 
of related objects and Spatial conflicts in the use of equip 
ment and work areas. In order to visually present interde 
pendencies of construction activities on the building 3D 
model, the use of resources and equipment must be spatially 
expressed along with the activity Sequence and criticality in 
network diagrams. This not only shows the plan through an 
animated 3D model, but also applies dynamic changes of 
construction information during the construction. In addi 
tion, through its simulation function, it visually displayS 
possible consequences, thereby providing the project man 
agement with forecasting capabilities. 

0628. In level 4, it can simulate the effect on the con 
Struction plan of possible Situations that might result in 
unexpected outcomes. The dynamic process of construction 
can be visualized and alternatives can be generated through 
Simulation. 

0629. This model created by Shih and Huang clearly and 
Systematically shows levels of Spatial and temporal infor 
mation integration. However, the current model-based Sys 
tems are not able to present methods of Visual interaction 
above level 2 in terms of the activity Sequence Seen in 
various 4D CAD systems. 
0630 C-3 Integration Method of Design & Construction 
Information 

0631 Hereinafter, the rules and integration methodology 
linking temporal information and graphical objects will be 
presented. Due to the incompatibility between WBS (work 
breakdown structure) and SBS (space breakdown structure), 
a Strategy for integrating efficient spatial and temporal 
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information is required. In reality, it is very rare that the two 
types of information have one-to-one compatibility. Further 
more, because in most cases Several temporal data Sets 
explain and Support one graphical object or one temporal 
data Set explains Several 3D graphical objects, a rule is 
required for visually expressing Such complex information 
linkages. 

0632. As described in FIG.55, for the most part, sched 
ule and graphical objects can be categorized into four types 
of relations. While they exist in the schedule as “cleaning” 
or “inspection,” there are cases where they may or may not 
be expressed as graphical objects. 
0633 Schedule Example: FIG. 56 shows the construc 
tion of the Structural Skeleton of a typical floor in a cast-in 
place concrete building. The following eight tasks compose 
the construction of the Skeleton of a typical floor: 

0634) 
0635 b. Re-bar columns: bending and positioning the 
reinforcing Steel for the columns 

0636 c. Cleaning and inspection: cleaning and inspec 
tion of the formwork and the steel of the columns 

a. Formwork: making the formwork 

0637 d. Column concrete: placing concrete for the 
columns 

0638 e. Beams/slab re-barbending and positioning the 
reinforcing Steel for the beams and the slab 

0639 f. M&E: preparation for mechanical and electri 
cal installations 

0.640 g. Cleaning and inspection: cleaning and inspec 
tion of the formwork and the steel of the beams and the 
slab 

0641 h. Beams/slab concrete: placing concrete for the 
beams and the slab 

0642 Relations between the schedule and the building 
components can be defined as the following four types: 
0643) One-to-One 
0644. One-to-one relation is when one 3-D object is 
linked to one activity. This is expressed most clearly in 
integration. But in Some cases, Such as cleaning or inspec 
tion, the activity does not result in the production of an 
actual physical object. 
0645 One-to-Many 
0646) This refers to one activity being linked to a 3D 
building object. In the example of FIG. 57, the activity 
“formwork” in the bar chart is linked to all components in 
the 3D product model (A). A clearer expression is possible 
if the activity in the bar chart is broken down, with the 
formwork expressed as column formwork, beam formwork, 
or slab formwork (B, C). 
0647. Many-to-One 
0648. In many-to-one, contrary to the case of one-to 
many, diverse activities are included in one 3D object. 
0649) Many-to-Many 
0650 Many-to-many combines one-to-many and many 
to-one, with multiple activities linked to multiple 3D 
objects. The relationship of one-to-many or many-to-one is 
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based on one activity or object, as in the example of FIG. 57. 
However, when the Schedule is seen in its entirety, it is 
many-to-many. In FIG. 58, column re-bar, cleaning & 
inspection, and column concrete are linked to Columns A1 
and A2. 

0651 C-4. The Level of Detail 
0652 The hierarchical structure and layer concept of 3D 
models produced by an architect or engineer are distinct 
from the activities Seen in the Schedule. The Sets of drawings 
categorized into architectural, Structural, mechanical, elec 
trical, and plumbing are created with a structure and infor 
mation layer Suitable for design production. Therefore, 
integration with WBS (work breakdown structure) is diffi 
cult to link in the Schedule. In addition, there are many 
construction elements that cannot be expressed through 
3-dimensional models, and many activities that cannot be 
linked with certain physical objects of a building. FIG. 59 
shows the links between the schedule and 3D objects when 
the product model consists of a column, beam, and slab. 
FIG. 60 shows the link when the inner steel reinforcement 
can be visually distinguished in the column. The relationship 
may be displayed differently depending on the level of detail 
of the displayed graphical objects. 
0653. As was displayed in FIGS. 59 and 60, the rela 
tionships between 3D building objects and activities can be 
Summarized as follows: 

0654) Links between spatial and temporal information 
can be changed according to the level of detail of the 
3D objects; 

0655 Activities like inspection or cleaning, which do 
not influence construction directly, cannot be linked to 
an object one-to-one, and can only be expressed as a 
many-to-many or many-to-one relationship with the 
object, making clear Visual representation difficult; 

0656 Details like M&E, which are hard to express 
through 3D objects, may not be linked to any object at 
all. In other words, 3D visualization of every detail of 
electrical cable in the building is impractical and unre 
alistic, 

0657. When the critical path or float is displayed in the 
current network diagram as a model, it loses most of its 
Significance. Since many activities are included in one 
object, those displayed using CPM in the detailed level 
control Schedule have no meaning in the model. 

0.658. The clearest method for integrating spatial and 
temporal information is, to Synchronize the work breakdown 
Structure in the Schedule with the Space breakdown Structure. 
This enables the 3D object to have a one-to-one relationship 
with the Schedule. To do that, the design layer according to 
the work breakdown structure (WBS) of the construction 
Schedule must be established from the design Stage. How 
ever, it is practically unrealistic due to the limitation of 
modeling for every detail of the building components. 
Moreover, invisible activities, like inspection, cannot be 
expressed by a 3D model. 
0659 Therefore, merely integrating the 3D product 
model and activities in the existing Schedule methods limits 
the potential value of the model. This thesis instead focuses 
on finding a new way to use the 3D model as an information 
platform for revealing hidden data in the existing methods. 
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0660 C-5 Application of Information 

0661 Graphical Attributes of 3-D Objects 

0662 Geometric properties of 3D objects that can display 
data include point, wire-frame (border), and face. Dynamic 
properties include distortion or Scaling and various kinds of 
movements. FIG. 61 shows visual properties of 3-dimen 
Sional object. 

0663 Tables 11 and 12 Summarize the visualization 
methods introduced in the previous chapters. AS Visual data 
indicators, size, color, and tone of the graphical object are 
commonly used. The sizes of graphical objects can represent 
not only the quantitative value of information, but also a 
qualitative overview. This is shown in the Pollalis system, 
which applies two Sets of quantitative data in the height of 
two axes of a rectangle. Color is a primary attribute used in 
most visualization Systems, since color is one of the most 
pervasive visual experiences (Dondis 1974). Tone is also a 
very powerful tool for indicating and expressing dimen 
Sions. It is commonly used as a complementary visual 
attribute to Support information represented by color. 

0664) In the present invention, in addition to visual 
attributes, Such as color, tone, and Size, new Visual repre 
Sentations, Such as Superimposition, Shaking, and Scale 
change for construction-specific Systems are also intro 
duced. Distinctive Visualization techniques used in this 
research include the following: 

0665 Concurrent representation of multivariable data 
by multiple visual properties of a 3D model. 

0.666 The conventional 3D model-based system lim 
ited its display to one data set on a 3D model using the 
face color of 3D objects (See FIG. 62). In FIG. 62, 
gray color represents completed and blue color rep 
resents in progress. For instance, in Common Points 
“project 4D' and Bentley’s “Schedule Simulator,” the 
user can select a data set among activity status (e.g., in 
progress, completed), criticality (e.g., critical or non 
critical), or types of building components (e.g., perma 
nent or temporary) and may apply the desired color on 
the face of the 3D model. 

0667 The visualization method proposed by this paper 
was used as a tool for expressing information on 
geometric components like the face and border of the 
3D model as well as dynamic movements like rippling 
and shaking of the 3D model. FIG. 63 is an example of 
Visualization using the object face and border that 
comprise each 3D model. In FIG. 63, gray color 
represents completed, blue color represents in 
progress and red and yellow colorS represent critical 
ity. With these, two kinds of data sets can be applied 
to different geometric components. 

0668. Just as the Polalis system can flexibly apply time 
on the X-axis and diverse quantitative information on the 
Y-axis of a rectangle using the quantitative bar, the present 
invention can also apply diverse information. Comparison 
results between the Pollalis System and the proposed System 
are contained in Table 16. 
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TABLE 16 

System Data set 01 Data set O2 

x-axis of bar 
Face of 3D model 

The Pollalis system 
Proposed system 

y-axis of bar 
Border of 3D model 

0669 It can include dynamic visualization through 
movements and distortions like Shaking or rippling, in 
addition to the genetic visual attributes of 3D models 

0670 Comparison by ghost images 
0671 This method provides intuitive information 
about two or more 3D models that supply different 
information about the same building part through 
Superoimposition. This also coincides with the Pollalis 
System which overlaps two quantitative bars for visual 
comparison. FIG. 64 indicates how existing model 
based Systems express progreSS made at a certain point 
in time with animation, Visually displaying only the 
completed parts and parts in progreSS. 

0672. In contrast, the method proposed in this paper, 
which Superimposes a number of ghost images, enables 
Simultaneous expression at one point in time by using gray 
to indicate completed work, blue for work in progreSS, a 
ghost image in orange for delays, and a ghost image in red 
for the planned schedule as shown in FIG. 65. This method 
differ from those using color or animation to depict activity 
Status, in that different percentages of opacity are Superim 
posed on one Screen, allowing comparison of plan, actual 
progreSS and design changes without visual interruption. 
0673) Application of Baseline Information 
0674) Construction Sequence 
0675 AS above discussed, if logical relations shown in 
the network diagram are applied to the product model, the 
relationship will change, depending on the models level of 
detail and type of activities. Critical path and dependencies 
presented in CPM or PERT lose their significance when they 
are linked to the product model because many activities may 
be aggregated into one object or one activity may be linked 
to many 3D objects. Therefore, the Sequence, criticality, and 
dependencies that should be displayed on the model-based 
platform must reflect the Spatial constraints of the actual 
construction Site, rather than the calculation obtained from 
CPM and PERT. 

0676 Sequence by Animation 
0677. The model by Shih and Huang in FIG. 66 shows 
the advantages when work logic in a network diagram is 
applied to the product model by using a convincing example 
of equipment constraint. 
0678. A model-based interface makes it easy to see that 
the C1 C2 L1 C3 L2 P1 C4 L3 P2 logic is more efficient than 
the sequence of C1 C2 C3 C4 uL2 L3 P1 P2, due to the 
weight lift constraint in the construction logic of this net 
work diagram (Shih and Huang 2001). This is a critical issue 
that is not represented in CPM, a calculation based only on 
time without considering spatial constraints. 
0679. When the sequence of the given example in FIG. 
66 is represented in 4D CAD, it needs at least seven or more 
keyframes of animation to show the Sequence of construc 
tion, as seen in FIG. 67. 
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0680 Since the entire sequence cannot be seen at once, it 
is difficult for the user to remember and understand all the 
relations with activities that do not appear on the Screen in 
complicated Sequences. Also, presentation of the 4D CAD 
example requires a computer Screen, Since the display 
involves multiple screen shots. Mobility is a critical issue for 
conveying information at a construction Site. Communica 
tion, monitoring, and control occur not only in the field 
office but also in all work Zones of the job site. Therefore, 
it is better for displays to be provided using color printouts 
and other Simple and cost-efficient methods. 
0681 Sequence by Tone of Color 
0682 To present the whole sequence of a project, color 
tones are used in the proposed methodology. This enables 
the presentation of a Sequence on a single Screen. FIG. 68 
shows the direction and chronological order of changes by 
the tone of a monotone table. FIG. 69 displays the same 
information as FIG. 66 using a color Sequence. AS can be 
Seen in this diagram, the construction Sequence is expressed 
as a Static image due to the value of the monotone. 
0683. The sequence of the temple construction can be 
represented in a 3-dimensional view as seen in FIGS. 70 
and 71. 

0684. Dependencies of Activities 
0685 Activities on the critical path can be easily distin 
guished using different degrees of tone (Schedule 2, FIG. 
72). But non-critical activities, or hammock activities, rep 
resented by tone do not clearly Show interdependencies with 
other activities in the proposed method, as shown in Sched 
ule 1, FIG. 72. In the case of Schedule 1, the relationship 
between activity A and B is not explicitly presented in 
model-based form. However, control sliders of the actual 
time and the time range, Support Visualization of the Start 
time and finish time of each activity. 
0686. If temple slab and stair have a relationship of finish 
to finish, dependency can be represented by the same border 
color of 3D objects as seen in FIG. 73. 
0687 Another limitation of the current 3D model based 
systems is that they do not distinguish between types of 3D 
objects. In the present invention, the visualized 3D objects 
are differentiated into four types, destructive items, perma 
nent items, temporary items, and construction equipment. In 
the current 4D CAD system, the only distinction possible is 
the peculiar form of the object or the existence of the object 
based on status of activity. It is difficult to determine the type 
of object without actually playing the animation from begin 
ning to end. 
0688 Types of 3D Models 
0689. The concept of pseudo-color is a good example of 
the efficient use of color and tone together. Pseudo-coloring 
is widely used for astronomical radiation charts, medical 
imaging, and many other Scientific applications. Geogra 
phers use a well-defined color Sequence to display height 
above Sea level: lowlands are always green, which evokes 
images of vegetation, and the Scale continues upward, 
through yellow, to red at the peaks of mountain color 
Sequences. FIG. 74 is a pseudocolor map. 
0690 Color expresses type of object, and each color tone 
change expresses Sequence. When tone and pseudo-color are 
combined, a complex data Structure can be represented in a 
Visually intuitive way. 
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0691 Method of Representing Types of the Building 
Components 
0692 The proposed design methodology for a 3D model 
based System doesn't apply a Specific color to a data value. 
Color images designed for on-Screen presentation are always 
at the mercy of the viewer's platform, monitor and respec 
tive Settings. Some Systems, for instance, tend to darken 
colorS Significantly and may even display many of the darker 
on-Screen hues as black. Other Systems tend to be overly 
light and inadequately display lighter hues (Krause 2002). 
Color can be chosen intelligently by the number of variables. 
Below is an example of color Selection. 
0693 Color representing sequence is mapped on the face 
of 3D objects. The color scheme shown in FIG. 75 is a 
example. However, color can be chosen according to user 
preference. FIG. 76 shows a representation of the work 
Sequence for the construction of the Allamilo Bridge. Hav 
ing a specific time point as a benchmark, blue is designated 
as the face color of the 3D model that represents “in 
progreSS activity.” Incoming activities gradually change 
from darker red to lighter red, completed activities from 
darker gray to lighter gray. Color and tone are always 
interactively modified with the time Slider and time range 
bar. 

Criticality 
0694 Criticality can be expressed by the border or face 
color of the 3D model. In the prototype, border color is 
applied. At the same time that criticality is applied to the 
border, an information Set is expressed in the face of the 
model, thus, Visually prioritizing the part that needs to be 
focused on. As shown in FIG. 77, face color represents 
Sequence, border color, as criticality, and Shaking as the 
productivity Simultaneously. 

0695) Float 
0696. The float has values available to non-critical activi 
ties, which can be expressed by changes in face tone and a 
Shaking movement of the model. 

0697) The method for applying a quantitative value to 
floats using tone: 

0698. The highest float (days) value of all the floats in 
a project Schedule is Set with the darkest tone, and the 
brightest tone represents one day. The Smaller the float, 
the more Vivid the color, making it visually dominant. 
Three colors are used for the float's Visual expression, 
and gray is for default, as in the case of the Map of 
Stock Market (See FIG.78). Green indicates that the 
float value has increased, and red that if it has 
decreased. 

0699 Method using 3D model shaking: 
0700 When activity float in the planned schedule 
decreases, Shaking begins, and the Shaking gets Stronger 
according to the rate of actual float decrease against the plan. 
0701 Budget Distribution 
0702 Information on budget distribution for each indi 
vidual construction part expresses the relative cost informa 
tion. This is important information requiring the attention of 
management. By visually expressing budget distribution for 
each construction part, the areas that require careful obser 
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vation can easily be identified. FIG. 79 shows visual rep 
resentation of cost distribution 

0703) Application of Actual Performance 
0704) Progress 
0705 Progress can be measured by using comparison. As 
is found in a bar chart, three visual elements are essential for 
graphically presenting progreSS. The baseline Schedule bar 
Serves as the norm for progreSS measurement, while the 
actual progreSS bar shows percentage of completion. The 
actual time line shows the influence of activity progreSS on 
the baseline schedule. FIG. 80 visually presents the activity 
"framework” being delayed by two days compared to plan. 

0706 Since the current 4D CAD-based system cannot 
Visually present real-time progreSS, it cannot be used for 
purposes other than planning, Such as project monitoring 
and control. The Gantt chart only presents progreSS or delay 
in terms of time, the cost or resource impact due to Schedule 
changes cannot be indicated. However, the Pollalis System 
can clearly show progreSS using Superimposition of the 
quantified bars representing plan and progreSS. FIG. 22 
shows that the Superimposition of the quantified bars rep 
resenting the estimated quantities during the initial planning 
with the mate quantified bars representing the actual quan 
tities offers a visual comparison of the two (Pollalis 1993). 
It shows that more manpower was involved, although there 
was no time delay in the actual activity, thereby clearly 
representing the relationship between Schedule, resources, 
and cost. Tree map by Songer and Hays represents the cost 
indeX by color differences. The percent complete of each pay 
item is displayed by the degree of Shading for each rectangle 
(Songer and Hays 2001). For instance, a pay item with 
completeness of 50 percent is shaded 50 percent. 

0707. Two 
Progress 

Visual Representations of Expressing 

0708. This research has developed two types of visual 
expression depicting progress. One is the case when Visual 
completion of physical construction and the time Schedule 
match. A Steel-frame Structure is an example where activity 
completion and Visual completion of the building coincide. 
Type two is when Visual completion of physical construction 
and the time Schedule don’t match. A concrete Structure can 
be a good example of this type, where a time lag for the 
curing process is necessary even after the completion of the 
physical building. 

0709 Method by Visual Completion 
0710. It is difficult to express the precise status of 
progreSS using the existing measurements, due to their 
vagueness and Subjectivity. Taking advantage of the ability 
to display the same visual quality, a 3D model can actually 
express the physical building progreSS on a virtual product 
model. In FIG. 81, color and opacity represent the progress 
of Steel-frame Structure building construction. Solid gray 
represents the part that has been completed; Solid red 
represents the part that is in process, and, translucent orange 
represents the part that has not yet been Started. 
0711) Method by % Completion 
0712. In a 3D model, the percentage completed can be 
expressed in changes in object Scale. Using ghost images, 
the 3D objects representing the as-built model and percent 
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age of completed are Superimposed. Because the user can 
control the opacity of each object group, as-built model and 
Scaled model, they can visually compare the plan and actual 
progress. As is shown in FIG. 82, the model displaying the 
actual progreSS can change its Scale depending on the input 
percentage of completion. If 50 percent is completed, the 
relevant 3D object is scaled down by 50 percent and 
Superimposed with the as-built (100% in size), making it 
easy to see the progreSS. Along with Such ghost effects, the 
CPI/SPI index value is simultaneously expressed in color on 
the object Surface, allowing identification of both progreSS 
and performance in each part of the construction. 
0713 There are two methods of scale-down and -up, 
depending on the user's preference or type of construction. 
With user-defined filling-out direction, the user can choose 
the direction in which building components are to be com 
pleted. The as-built model shape exists as a ghost, and the 
percentage of completion is filled in with Solid color Starting 
from each object's center point or the lowest face of the 
Z-axis. If the user desires filling on a level Surface of an 
elevation, the definition should be given on the control 
panel, and the percentage of completion begins filling up by 
calculating the entire object Volume. 
0714 a. One-Directional Completion (by Z-Axis) 
0715 When the activities for column production in the 
bar chart schedule below are column rebar (four days) and 
column concrete (six days), and if activity “rebar” is com 
pleted, then the same amount of work completed is filled in 
with a solid color in the model. The 3D model in the 
prototype Project Dashboard basically has two models over 
lapping. One of them is a ghost image for Showing the basic 
model framework, and the other provides visual variables. 
0716 b. Three-Directional 
(XYZ): from Center 
0717 This is a method of filling up the percentage of 
completion in Solid color from the center point of the 3D 
object towards the xyz direction. FIG. 83 is a diagram of a 
slab being filled up in the direction of the three axes. With 
the current prototype Project Dashboard, this is the only 
possible method. FIG. 84 shows visual representation of 
percent of completion by ghost image. 

Completion: XyZ-Axis 

TABLE 1.7 

Visual 
System Baseline Actual representation 

4D CAD NA NA NA 
Pollalis System Quantified Quantified bar Superimposition 

bar 
Tree map Color shading Color & shade 
(Songer and Hays) composition 
Project Dashboard Original Scale change by % Superposition: 

shape of completion ghost 
or filling - up face 

0718 Performance 
0719. Kerzner (2001) observed that the budgeting and 
Scheduling System variance must be compared together 
because: 

0720 the cost of variance compares deviations only 
from the budget and does not provide a measure of 
comparison between work Scheduled and work accom 
plished; 
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0721 the scheduling variance provides a comparison 
between planned and actual performance but does not 
include costs. 

0722. The cost and schedule performance index must be 
presented in a System for it to have value as information for 
control. The method currently used to present performance 
uses the line graph, which is efficient for presenting perfor 
mance measure of an entire project, but does not present 
performance by individual activity. This is because a project 
comprising 100 activities it would require 100 earned-value 
graphs. In a model-based System, the entire model can be 
Seen in a single Screen. Therefore, performance on each 
building component can be presented depending on how the 
CPI/SPI value is shown, while performance of the whole 
project can also be presented in a graphically intuitive 

C. 

0723. In the case of Samsung Construction's earned 
value management System, although presentation of 3D 
objects does not have color mapping, the user can intuitively 
understand the current project conditions using color in the 
data table as seen in Table 18. Obviously, there are limita 
tions if presentation utilizes a single color for the under 
Standing of performance. Such information would be inad 
equate for project managers to understand the cause and 
impact of the deviations. For instance, purple warns of 
deviation reaching a dangerous level, but does not indicate 
whether the issue lies in cost or Schedule. 

TABLE 1.8 

CPI 

SPI Less than 100% 1OO-105% Over 105% 

Over 95% Blue Sky blue Yellow 
90-95% Sky blue Yellow Purple 
Less than Yellow Purple Red 
90% 

0724 Method of Representation in Regards to the Per 
formance of Building Components 

0725. The concept of opponent colors is used to represent 
CPI/SPI. Late in the nineteenth century, the German psy 
chologist Ewald Hering proposed the theory that there are 
Six elementary colors and these colors are arranged percep 
tually as opponent pairs along three axes: black-white, 
red-green, and yellow-blue (1920). In recent years, this 
principle has become a cornerstone of modern color theory, 
Supported by a large amount of experimental evidence about 
opponent colors (Hurvich 1980; Ware 2000). There are two 
methods of expressing performance with color. One is to 
express either SPI or CPI using the linear color scheme 
shown in FIG. 85. The other, shown in FIG. 86, expresses 
both simultaneously using a quadrangle color Scheme. 

0726 Performance, as seen in Table 19, is mapped on the 
face of the 3D object. Green represents perfect performance 
with CPI/SPI at 1.0; if the object's face color is blue, both 
Schedule and cost are showing exceptional performance; 
orange means CPI is exceptional but SPI is showing poor 
performance. Also, a rough value can be estimated using 
each colors tone difference. There are buffers in the bound 
aries of the four colors, which can, for example, hint at 
possible problems by showing sky blue when the value is 

32 
Mar. 2, 2006 

within a certain tolerance Zone determined by the user. FIG. 
87 shows visual representation of performance index. And 
FIG. 88 shows visual representation of performance on 
bridge. 

TABLE 1.9 

CPI SPI Color Implication 

1.O 1.O Green Perfect 
performance 

Buffer zone Buffer zone Buffer 
ZOle 

Over 1.0 Over 1.0 Blue Exceptional 
(or over tolerance) (or over tolerance) performance 
Below 1.0 Over 1.0 Orange Cost is over 
(or below tolerance) (or over tolerance) budget, schedule 

is exceptional 
Over 1.0 Below 1.0 Yellow Cost is under 
(or over tolerance) (or below tolerance) budget, schedule 

is behind 
Below 1.0 Below 1.0 Red Cost is 
(or below tolerance) (or below tolerance) overrun, schedule 

is delayed 

0727 Method of Representation in Regard to the Types 
of the Building Components 

0728. As shown in FIG. 89, overall project performance 
is presented as a weather change in the window. For 
example, if both the SPI and CPI value is over 1.0, the Sun 
would rise and the background color would become lighter 
by degree of performance index. FIG. 89 is a drawing 
illustrating visual representation of performance indeX for 
project. And FIG. 90 is a drawing illustrating visual repre 
Sentation of overall performance on bridge. 

TABLE 2.0 

CPI SPI Weather 

Buffer zone Buffer zone Blue sky 
Over 1.0 (or over tolerance) Over 1.0 

(or over tolerance) 
Below 1.0 Over 1.0 Dark 
(or below tolerance) (or over tolerance) 
Over 1.0 (or over tolerance) Below 1.0 

(or below tolerance) 
Below 1.0 
(or below tolerance) 

Bright and sunny 

Bright and raining 

Below 1.0 
(or below tolerance) 

Dark and raining 

0729) Deviation 
0730 Deviation information and reasons for deviation 
are mapped together on the 3D model. This allows simul 
taneous visual identification of both quantity of deviation as 
well as the causes and impact of the deviation. FIG. 91 
shows an example of possible associations among data 
related to deviation, while FIG. 92 provides an example of 
information application where Such data is explicitly 
expressed using the Visual properties of 3D models. 

0731. The color shows deviation type (e.g., non-critical 
or critical), cause (e.g., accident, Weather, equipment, mate 
rial, or labor) or characteristic (e.g., compensable or non 
compensable) and the tone displays quantitative value. 
Based on the object's level of Shaking, the quantitative value 
can be displayed, and using the two variables of Shaking on 
and off, the two types or characteristics of deviation can be 
expressed. 
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0732. In terms of mapping information on 3D models, the 
application may be inefficient due to the nature of the Visual 
properties of information and a 3D model. For instance, 
since the 3D model's border is not as visually distinct as the 
model face in terms of color tone application, the expression 
of quantitative value with tone at the border of a 3D model 
would not be effective. FIG. 92 shows concurrent represen 
tations of deviation-related information on a 3D model. 

0733 Causes 
0734) Identifying the cause is critical information for 
resolving problems when a deviation occurs. The cause of a 
problem can be expressed through the face or border color 
of the 3D model. FIG. 93 shows a color scheme for types of 
CalSCS. 

0735. Application of Forecasting Information 
0736) Estimate at Completion 
0737. The estimate at completion (EAC) is expressed 
through scale changes in the 3D model. The 3D models 
made up of two clones are Superimposed, with the Size of the 
as-build model showing BCWS (budgeted cost work sched 
uled), and the Superimposed model size showing EAC. Cost 
Summary for work in progreSS, in case of Activity A, is 
shown in Table 21. For example, if Activity A's BCWP is S 
10,000 and ACWP is $15,000 at a certain point in time: 
0738 EAC=(ACWP/BCWP)*BCWS=(15000/ 
10000)*20000-$30,000 

TABLE 21 

BCWS BCWP ACWP EAC 

Activity A $20,000 $10,000 $15,000 $30,000 

0739 Then, the size of the ghost object expressing EAC 
is scaled-up by 150 percent. The two types of 3D models 
have individual opacity control from the prototype, allowing 
easy visual depiction of differences. FIG. 94 shows Super 
imposition of the clone models. In FIG. 94, grey color 
represents BCWS and red color represents EAC. 
0740 C-6 Data Combinations of 3D Model-Based Sys 
tem 

0741 FIG. 95 shows examples of data sets where 3D 
objects can be simultaneously applied. Data combination 
can be diverse according to the purpose it serves. Based on 
user preference and the Specific purpose of control, a variety 
of information can be seen by applying it flexibly on the 
product model-based interface. AS an example, if Schedule 
deviation occurs on part of the construction, information 
Such as criticality, reason for deviation, estimate at comple 
tion (EAC), and performance index can be applied to the 3D 
model to See the current issue, its impact on other construc 
tion parts, and future trends all at once. 
0742 So far, design principles of multiple data represen 
tation using the 3D model have been demonstrated, with 
concurrent representation of very flexible information 
through the combination of diverse graphical properties and 
visual attributes offered by the 3D model. 

EXAMPLE 

0743 FIG. 96 shows an example of five types of infor 
mation expressed in the 3D model at once. Only the data 
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value of activity within the time range Set by the user using 
the time range slider (see Section 6.2.2) control is expressed 
in the 3D model, and in this example, F1, C1, C2, C3, C4, 
C5, C6, C7, and C8 are within the time range. Among the 
activities outside the time range, those that are completed 
(S1) are expressed in Solid gray color without data value 
application, while incoming activities (L1, L2, L3, P1, P2) 
are expressed in wire frame. Expression of information 
using the Visual properties of activities within the time range 
is done as follows: 

0744 ghost model: as-build model 
0745 face color of ghost model: criticality 
0746 shape of Solid model: percent complete 

0747 C1-C8: 80% is completed 

0748 face color of solid model: CPI/SPI 
0749 F1: blue, excellent performance 
0750 C1-C8: orange, schedule delay and cost saving 
by quadrangle color Scheme or poor performance by 
band color Scheme 

0751 border color of Solid model: causes of deviation 
(see FIG. 5.41) 

0752 color of as-build model: criticality 
0753. In this example, the project manager can identify 
the Status of the activities currently in progreSS, as well as the 
areas and causes of delayS or cost overruns. It is possible to 
See that the following activities can impact the Schedule due 
to criticality. 
0754 FIG. 97 is an example of expressing 6 types of 
information at once. 

0755 wireframe model: as-build model 
0756 border color of wireframe model: causes of 
deviation 

0757 ghost model: estimate at completion 
0758 face color of ghost model: criticality 
0759 shape of Solid model: percent complete 

0760 C1-C8: 80% is completed 

0761 face color of solid model: CPI/SPI 
0762 F1: blue, excellent performance 

0763 C1-C8: orange color, schedule delay and cost 
Saving by quadrangle color Scheme or poor perfor 
mance by linear color Scheme 

0764 Criticality (color of as-build model) 
0765. Application of the Proposed Design Principles 
0766 The many 3D model-based visualization methods 
proposed So far show examples of flexible application in 
which multivariable data can be expressed simultaneously. 
As the number of data applied to the 3D model grows, it is 
inevitable that the model grows more visually complex. A 
few Suggestions have been made below for the effective 
application of the methodology proposed by this thesis. 
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0767 Use of Consistent Color 
0768 Based on the consistent application of color, as in 
the example of FIG. 98, blue was used as an index to show 
the multiple facets requiring leSS management in terms of 
project control. Red was used to express areas of Schedule 
or cost deviation requiring Special control, as well as areas 
where the float decreases due to critical activities and delayS. 
This makes information much easier to understand. 

0769. Use of Tone 
0770. When the tone variation is applied to the borders of 
the 3D model, the difference is not visible. This is why the 
application of tonal changes is limited to the face. 
0771) Use of Opacity 
0772) Application of opacity (or a ghost image) should 
not be used alongside the application of tone Since the color 
of the ghost image may distort the color tone. 
0773 D. Project Control System for Project Manager, 
Project Dashboard 
0774) Most project managers manually acquire informa 
tion created by other professionals, View the fragments of 
information, and interpret them in comparison to actual 
progreSS. Such responsibility requires a great deal of expe 
rience, time, and effort in the absence of a project manager's 
control system. Project Dashboard was specifically devel 
oped for project managers who, up to now, haven’t been able 
to use computer technology as a tool for control. 
0775. The design principle for integrating temporal and 
Spatial information cannot be used effectively without an 
appropriate user control interface within the control System. 
The System interface is demonstrated using Project Dash 
board. Explanations about the representation of the infor 
mation are provided below. 
0776 D-1 Graphical User Interface: Dashboard 
0777. The term “dashboard” is commonly used to refer to 
the Surface located below the windscreen of a motor vehicle 
or aircraft, which contains instruments and controls. Raskin 
(2000) notes that users do not care what processor is used, 
or whether the programming language is object-oriented or 
multithreaded. What users want is convenience and results. 
All that they see is the interface. AS far as the customer is 
concerned, the interface is the product. A well-designed 
dashboard interface gives correct, critical, but easy and 
intuitive guidance, regardless of the driver's level of knowl 
edge, age or genders. FIGS. 99A and 99B are examples of 
dashboard interfaces. 

0778 The project manager, as project driver, is respon 
Sible for monitoring and controlling a dynamic construction 
proceSS involving vast amounts of information from the Site 
and various participants. His or her reaction time should be 
accurate and quick in order to minimize conflicts, time 
delays, and cost overruns. Unlike architects, Schedulers, or 
cost engineers, who need specific computer functions to 
develop and manage a certain Set of information, project 
managers need a decision Support System, which can aggre 
gate all project-related information in a single and intuitive 
language and Show a whole picture of it on an easy control 
interface. A dashboard-like interface can improve under 
Standing of the project Status and give accurate information 
to decision makers for correct action and predictions. FIG. 
100 is the graphical interface of the prototypical system, 
“Project Dashboard.” 
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0779) D-2 Control Interface 
0780 Summary of Features 

0781. “Navigator” to control the 3D model dynami 
cally 

0782 “History” slider to view data changes both for 
ward and backward in time 

0783 “Time range” slider to view the user's interest in 
a certain period of time. 

0784) “Actual time” slider to define a point of certain 
time. 

0785 “X-ray” sliders to control opacity of the selected 
types of building components. 

0786) “Data selector” to choose data sets for assigning 
visual properties to a 3D model. 

0787 Navigator 
0788. A basic tool for controlling the 3D model window, 
the Navigator control cluster consists of “Zoom,”“Pan, 
“Rotation,” and animation play buttons. The animation 
play button Shows the linear Sequence of construction as is 
the case with 4D CAD. 

0789 Time Control Sliders 
0790 Among the most important control functions of 
Project Dashboard are the three sliders linked to time: time 
range, actual time, and history Slider. The total length of the 
slider shows the projects total duration. FIG. 101 shows an 
example of time control Slider. 
0791) Time Range Slider 
0792. The time range bar defines user's focus time. 
Information is presented on 3D elements only in the Speci 
fied time range. Only the activities data value corresponding 
to the duration between the bars that define two points in 
time are applied to the 3D model, and therefore the user can 
selectively view the status of the desired duration. In other 
words, the user can See information Selectively for the time 
scope of their choice. FIG. 102 shows how to select visual 
representation of performance by controlling of actual and 
time ranger sliders. 
0793 Actual Time Slider 
0794. The actual time slider and time range slider inter 
act. The following two examples will describe how the 
actual time slider works with the time range Slider, according 
to different Visual representations of information. 

Example 1 

Sequence 

0795 Based on the actual time bar, 3D objects represent 
ing completed activities are in a gray tone, while in-progreSS 
and incoming activities appear in the applied color. A lighter 
tone is applied for completed activities as completion time 
moves away from actual time, while the darker color is used 
as the activity start time of in-progreSS activities and incom 
ing activities draws closer to the actual time. 3D objects in 
which activities outside the time range are applied, are 
expressed in wireframe. FIG. 103 shows an output image 
corresponding to visual representation of Sequence by time 
range slider and actual time Slider. Meanwhile, color repre 
Sentation of Sequence is Suggested in Table 22. 
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TABLE 22 

Day 01 Day 02 Day 03 Day 04 Day 05 
Actual time Incoming activities Completed activities 

Color & tone On 3D objects 

Example 2 

Performance 

0796 Performance is displayed as follows. Based on 
actual time, 3D objects for completed activities and in 
progreSS activities have their relevant performance index 
value expressed in color. At the same time, 3D objects for 
incoming activities, having no application value, are 
expressed in gray. AS for 3D objects for outside the time 
range, the completed objects with performance value are 
expressed in grey and incoming activities in wireframe. 
0797. History Navigator 

0798. Using the history slider, the user can see anima 
tions on changes in project history with the passage of time. 
In the example of Table 23, below, the total project duration 
of Project A is 6, the history sliders total length shows the 
Same duration, and each day's changes are shown through 
keyframe animation following the movement of the Slider. 

TABLE 23 

Day 01 Day 02 Day 03 Day 04 Day 05 Day 06 

CPI 1.O 1.2 1.1 O.9 O.7 1.O 
Color Blue Darker Green Darker Yellow Blue 

green yellow 

" 
0799 Opacity Control Sliders 

0800 FIG. 104 shows opacity control sliders, navigators, 
and level of detail control buttons of Project Dashboard. 
0801 Group Opacity Sliders 

0802. These are the sliders that control the opacity of 
each user-defined group. For example, the building compo 
nents are divided into five groups, architectural, Structural, 
mechanical, electrical, and plumbing, which can be distin 
guished and applied to the project dashboard, with 100 
percent presented in Solid and 0 percent being invisible. It 
allows an easy view of problematic groups of 3D models and 
hiding 3D models that are visually blocked by other building 
components. 

0803 Opacity Slider for as-Build Model 

0804) The models presented in the 3D model viewer 
always Superimpose two identical models, in order to com 
pare plan with actual Status. The as-build Slider provides 
opacity control of the basic geometric shape of building 3D 
objects, that is, the as-build model. 
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Day 06 

0805 Opacity Slider for Actual Completion 
0806. The other slider controls opacity of the 3D model, 
which goes through Scale changes when percentage of 
completion or actual cost is assigned. By Superimposing 
these two sliders and Simultaneously comparing the 3D 
objects displaying the plan and the actual performance, 
respectively, the project Status can easily and intuitively be 
known. 

0807) Data Selector 
0808 The user can freely choose sets of data for applying 
to the different visual attributes of the 3D model. In the data 
Selector, when the tab for each visual attribute is pressed, the 
applicable data Set appears, of these, one data variable can 
be chosen to easily apply to the 3D model. FIG. 105 shows 
data selector of Project Dashboard. 
0809 Level of Detail Buttons 
0810) This is a function that allows the user to select 
among three levels of detail. The prototype allows distinc 
tion of up to 3 levels. The level of detail for each 3D model 
component can be defined in the text pane. 
0811 D-3 Information Panes 
08.12 Summary of Features 
0813 information list pane 

0814 Performance Indicator 
0815 Interactive text annotation 

0816) 
0817 The information list shows the numerical value of 
information applied to the 3D model, and offers editing 
functions. When one of the 3D building components is 
selected, the relevant value in FIG. 106 is presented in the 
editable text box. Since new data is that has been input is 
immediately applied to the value on the model, develop 
ments due to data change can easily be known. 
0818 Performance Indicator 

Information List Pane 

0819. These indicators apply to schedule, cost, and 
resource performance of the entire project. If the needle is 
within the green range, this means “perfect performance.” In 
the red range, it means “poor performance,” If the needle 
moves to the green range farther to the right, it shows 
“excellent performance.” The resource indicators show the 
performance of the Specific resources or areas chosen by the 
USC. 

0820) 
0821 Text annotation is a function of expressing in text 
form detailed information about the relevant 3D objects that 
are mouse-over within the 3D model window. 

Interactive Text Annotation 
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0822 D-4 Prototyping Technology & Process 
0823) A 3D model produced by either MAYA or 3D 
MAX is exported to Macromedia Director 8.5 Shockwave 
Studio in a form of W3D file format. The Macromedia 
Director enables this model to communicate with the data 
base. Before the data integration between 3D model and 
Scheduling data, Schedule spreadsheet must include each 3D 
component name in the list. The user can view and control 
it via internet browserS or as a Standalone application. FIG. 
107 shows prototyping process. 

0824 E. Conclusion 
0825 E-1 Summary 
0826. The always-dynamic and uncertain circumstances 
of building require an efficient control and monitoring 
System capable of clearly and intuitively presenting the 
impact of changes, deviations, constraints, and critical issues 
to enable accurate understanding and timely decision mak 
ing. The massive amount of information collected from the 
various parties and from the site is not delivered to the 
project manager using a uniform method, but rather as 
fragmented data in variable formats. To interpret Such data 
in an integrated way and to use it for project control requires 
a great deal of work and time, with inevitable cases of 
erroneous interpretation and Overlooked information. Even 
within a single Software Suite, information is broken down 
and expressed using multiple graphical methods, making it 
difficult for the user to read or understand the data expressed. 
0827. For effective project control, an accurate compari 
Son of baseline and actual performance as well as an analysis 
of discrepancies and impact is critical. In order for the 
control System to have value, multiple Sets of data must be 
expressed comprehensively for the user to compare data and 
identify problems, their causes, and their effects Simulta 
neously. The absence of a control System that Satisfies these 
conditions is not due to limitations in technology, but rather 
to the fact that there is no uniform visual representation 
method that can comprehensively express multi-variable 
information. 

0828. A study which defined the data needed for control 
among the mass of data available to a project should have 
been the one to precede this study. The diverse Subcompo 
nents of earned value analysis, which provides an accurate 
measure of progreSS and also shows future impact using a 
uniform unit of measure, are defined as target data for the 
methodology of Visual representation. 

0829 Going beyond traditional methods, which only 
allowed the expression of very limited information, diverse 
information visualization techniques were explored through 
the Pollalis System, multi-dimensional tree-maps, and the 
development of prototypes for 3-dimensional visualization. 
AS a result, a multi-dimensional integration methodology 
between data and graphical attributes was developed, reveal 
ing the limitations in the ability of abstract visualization to 
show the relationship between temporal and Spatial infor 
mation. 

0830. A 3D product model-based visual platform has 
Significant value as a construction information delivery 
platform. It is a consistent and realistic method with which 
to represent construction information using a common lan 
guage that anyone can understand. Through the 4D CAD 
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and parametric CAD Systems analysis, the current 3D 
model-based system was found to be very limited in its 
Scope because it lacked a visual representation method using 
the 3D model's graphical properties. 
0831 Expression of diverse information was made pos 
Sible by applying Visual attributes of color, tone, opacity, 
Superimposition and movement on properties Such as object 
face, border, and size on a Single 3D building component. 
Only through Such a multi-dimensional depiction of project 
control data can the accurate Status of a project be deter 
mined, problems diagnosed and causes identified. Moreover, 
information can be easily identified without Special knowl 
edge by Setting consistent Visual attributes based on user 
preference. For instance, if the color red is applied to all data 
to represent a negative condition or circumstance, problems 
are readily apparent. In addition, the relationship among the 
data is explicitly shown Spatially and in patterns to allow 
trend analysis for the future. 
0832. The various methods of information representation 
using the 3D model as proposed by this thesis obtain their 
values through an effective control interface tailored to the 
user's Specific conditions and demands. Project Dashboard, 
the prototype, presents a new control System concept called 
an information representation System. This System can dis 
play information in a uniform manner by integrating mul 
tivariable data delivered from many other systems or from 
the construction Site, breaking away from the existing input 
oriented, production-oriented project control System. Func 
tions like the time range Slider, which allows the user to view 
a Specific time range, and the data Selector, which applies the 
desired information to the 3D model, provide users with 
more freedom to obtain information. 

0833) E-2 Contributions 
0834 Research and development in 3D product model 
based Systems are currently making Swift advances. How 
ever, there has been almost no research or development done 
on methods for utilizing 3D models as a platform for 
information representation. The present invention introduces 
guidelines and design principles for multi-dimensional 
Visual representation of multivariable project information 
using 3D models. It also seeks to provide a picture of a 
future 3D model-based system that can be applied with 
flexibility in diverse areas through Soft-line drawing. 
0835) E-3 Future Work 
0836. The present invention for information visualization 
methods using 3D models may be expanded and developed 
in a variety of directions. In one direction, a Study on visual 
representation methods able to explicitly express the inter 
active impact between design changes during the project and 
performance is needed. Frequent design changes during 
construction have a major impact on project performance, 
and should therefore be a target of future study. Another 
direction, in the area of multi-user collaborative environ 
ments for project teams, would be to provide accessibility to 
data based on each entity's role and responsibility. This 
could extend into the development of a 3D model-based 
management System Suite that provides visual representation 
at the level of complexity appropriate to the needs of each 
entity. 

0837. The present invention has introduced a multidi 
mensional visual representation method for multivariable 
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project information using a 3D product model, and has also 
redefined the project control System as an information 
representation System. The new visual representation 
method proposed by this thesis will not be able to directly 
Shorten the project Schedule or offer cost Savings. However, 
by Simultaneously bundling multivariable data, which So far 
has not been used with value in project control, on the 
building 3D model-based platform, the interrelationship 
among data was revealed. This is not to imply that the 
proposed Visual representation method should Substitute for 
the diverse Visual representation methods currently used in 
construction projects. However, it is a method that can 
eliminate some of their limitations. Hopefully it will be 
broadly applied as a toolkit for developing product model 
based Systems for the diverse areas of architecture, engi 
neering, and construction in the future. 
0838. The present invention may be embodied in a gen 
eral-purpose computer by running a program from a com 
puter readable medium, including but not limited to Storage 
media Such as magnetic Storage media (ROMS, RAMS, 
floppy disks, magnetic tapes, etc.), optically readable media 
(CD-ROMs, DVDs, etc.), and carrier waves (transmission 
over the Internet). The present invention may be embodied 
as a computer readable medium having a computer readable 
program code unit embodied therein for causing a number of 
computer Systems connected via a network to effect distrib 
uted processing. 
0839. The present invention can be applied not only to 
the construction proceSS but also to the production proceSS 
of cars and electronic products 
0840 While the present invention has been particularly 
shown and described with reference to exemplary embodi 
ments thereof, it will be understood by those of ordinary 
skill in the art that various changes in form and details may 
be made therein without departing from the Spirit and Scope 
of the present invention as defined by the following claims. 

What is claimed is: 
1. A method for Visually representing project metrics on 

3-dimensional (3-D) product models, comprising the Steps 
of: 

establishing temporal and/or spatial relationships between 
objects to be visualized; 

Setting the variations in the color and color tone of the 
objects in response to the course of a project; 

receiving an input of information concerning the project 
course from a user or an external System; 

determining colors and color tones of the objects accord 
ing to the project course based on output conditions 
input by the user; and 

forming and outputting 3-dimensional images of the 
objects by the determined colors and color tones. 

2. The method according to claim 1, wherein the project 
course is divided into completion of production, during 
production and before production, and an inherent color is 
assigned to each project course. 

3. The method according to claim 1, further comprising 
the Steps of: 

calculating cost performance index (i.e. budgeted cost of 
work performed/actual cost of work performed) and 
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Schedule performance index (i.e. budgeted cost of work 
performed/budgeted cost of work Scheduled); and 

changing the formed 3-dimensional images based on the 
calculated cost performance indeX and/or Schedule per 
formance indeX. 

4. The method according to claim 3, wherein the step of 
changing the images includes the Sub-Steps of: 

calculating the performance of the overall project based 
on the calculated cost performance indeX and Schedule 
performance index; and 

changing background color tones and/or background 
images of the 3-dimensional images in response to the 
calculated performance of the overall project. 

5. The method according to claim 3, further comprising 
the Step of changing at least one factor Selected from the 
colors, color tones, border colors and display locations of the 
objects belonging to respective constituent Substages of the 
overall project in response to the variations in the complex 
ity, execution period of the Substages and/or the calculated 
cost performance indeX and Schedule performance indeX. 

6. The method according to claim 1, further comprising 
the Step of changing at least one factor Selected from the 
colors, color tones, border colors and display locations of the 
objects belonging to respective constituent Substages of the 
overall project in response to the variations in the complex 
ity and/or execution period of the Substages. 

7. The method according to claim 1, further comprising 
the steps of: 

receiving respective production costs of the objects, 
changing the colors of the objects to predetermined dis 

play colors for the production costs according to the 
choice of a user; and 

changing the tones of the display colors for the production 
costs depending on the respective production costs of 
the objects. 

8. The method according to claim 7, further comprising 
the Steps of: 

calculating cost performance index (i.e. budgeted cost of 
work performed/actual cost of work performed) and 
Schedule performance index (i.e. budgeted cost of work 
performed/budgeted cost of work Scheduled); and 

changing the formed 3-dimensional images based on the 
calculated cost performance indeX and/or Schedule per 
formance indeX. 

9. The method according to claim 1, further comprising 
the Steps of: 

receiving objects and causes to be changed in the project 
from a user and/or an external System; and 

changing the colors and color tones of the objects to be 
Visualized corresponding to those of the input objects in 
response to the input causes. 

10. The method according to claim 9, further comprising 
the Step of changing at least one factor Selected from the 
colors, color tones, border colors and display locations of the 
objects belonging to respective constituent Substages of the 
overall project in response to the variations in the complex 
ity and/or execution period of the Substages. 

11. A System for Visually representing project metrics on 
3-dimensional (3-D) product models, comprising: 
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user interface unit for receiving an input of color 
information, including variations in the colors and 
color tones of objects to be visualized in response to the 
course of a project, and output conditions, including a 
time interval at which an output is required, from a 
uSer, 

a database unit for Storing the objects and temporal and/or 
Spatial relationships between the objects, and 

an image formation unit for determining colors and color 
tones of the objects according to the project course 
based on the output conditions input by the user, and 
forming and outputting 3-dimensional images of the 
objects by the determined colors and color tones. 

12. The System according to claim 11, wherein the user 
interface unit receives an input of color information and 
output conditions through a user interface Screen by a user, 
the user interface Screen including a data Selection unit for 
allowing the user to input color information including varia 
tions in the colors and color tones of the objects in response 
to the project course and a time Setting unit for allowing the 
user to input output interval and output time. 

13. The System according to claim 11, wherein the project 
course is divided into completion of production, during 
production and before production, and an inherent color is 
assigned to each project course. 

14. The System according to claim 11, wherein the image 
formation unit Serves to calculate cost performance indeX 
(i.e. budgeted cost of work performed/actual cost of work 
performed) and Schedule performance index (i.e. budgeted 
cost of work performed/budgeted cost of work Scheduled), 
and to change the formed 3-dimensional images based on 
the calculated cost performance indeX and/or Schedule per 
formance index. 

15. The method according to claim 11, further comprising 
the Step of changing at least one factor Selected from the 
colors, color tones, border colors and display locations of the 
objects belonging to respective constituent Substages of the 
overall project in response to the variations in the complex 
ity, execution period of the Substages and/or the calculated 
cost performance indeX and Schedule performance indeX. 

16. The System according to claim 11, wherein the image 
formation unit Serves to calculate cost performance indeX 
(i.e. budgeted cost of work performed/actual cost of work 
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performed) and Schedule performance index (i.e. budgeted 
cost of work performed/budgeted cost of work Scheduled), 
to calculate the performance of the overall project based on 
the calculated cost performance indeX and Schedule perfor 
mance index, and to change background color tones and/or 
background images of the 3-dimensional images in response 
to the calculated performance of the overall project. 

17. The System according to claim 11, wherein the image 
formation unit Serves to change at least one factor Selected 
from the colors, color tones, border colors and display 
locations of the objects belonging to respective constituent 
Substages of the overall project in response to the variations 
in the complexity and/or execution period of the Substages. 

18. The System according to claim 11, wherein the image 
formation unit Serves to change the colors of the objects to 
predetermined display colors for the construction costs in 
response to respective Set construction costs of the objects 
depending on the construction costs. 

19. The System according to claim 11, wherein the image 
formation unit Serves to change the colors and color tones of 
the objects corresponding to those of objects to be changed 
in a project input by a user and/or an external System in 
response to causes to be changed in the project input by the 
user and/or the external System. 

20. A computer readable medium having recorded thereon 
a computer readable program for executing a method for 
Visually representing project metrics on 3-dimensional prod 
uct models, the method comprising the Steps of 

establishing temporal and/or spatial relationships between 
objects to be visualized; 

Setting the variations in the color and color tone of the 
objects in response to the course of a project; 

receiving an input of information concerning the project 
course from a user or an external System; 

determining colors and color tones of the objects accord 
ing to the project course based on output conditions 
input by the user; and 

forming and outputting 3-dimensional images of the 
objects by the determined colors and color tones. 


